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Hepatoma up-regulated protein (HURP) is a microtubule-associated protein (MAP) that 
bundles and stabilizes microtubules. It has been shown to regulate mitotic spindle organisation 
in cultured cells and in Drosophila embryos. In this study, I investigated the role of Hurp 
during embryonic development in zebrafish. Reduction of zebrafish Hurp protein levels using 
translational blocking morpholino (MO) results in defective convergence and extension (C&E) 
movements during gastrulation without affecting cell proliferation and cell fates. Hurp is required 
for several polarized cell behaviours during C&E including fast dorsal directed migration of 
lateral mesodermal and ectodermal cells and mediolateral intercalation of dorsolateral 
mesodermal cells in late zebrafish gastrulae. In addition, Hurp regulates polarized cell division 
orientation in the paraxial epiblast region of late zebrafish gastrulae. Besides, Hurp mediates 
epiboly progression by regulating extraembryonic cytoskeletal structure organization 
including yolk cell microtubules and yolk syncytial layer F-actin. My findings provide new 
insights into the role of MAP in regulating polarized cell movement, polarized cell division, 
and extraembryonic cytoskeletal structure organization for morphogenetic cell movements 
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Chapter 1 Introduction 
1.1 The background of HURP 
HURP or hepatoma up-regulated protein was initially identified as a novel gene up-
regulated in human hepatocellular carcinoma (HCC) (Tsou et al, 2003). HURP gene locates 
to chromosome 14q22-23 and HURP contains a region (aa 432-537) with a significant 
homology with the guanylate kinase associated protein (GKAP) domain (Figure 1.1) (Bassal 
et al, 2001; Tsou et al, 2003). Proteins containing the GKAP domain are known as the discs 
large-associated protein (DLGAP) due to the ability of GKAP domain to associate with the 
guanylate kinase domain of discs large proteins (Dlg). The genes encoding these proteins are 
known as dlgap genes (Kim et al, 1997; Naisbitt et al, 1997; Satoh et al, 1997). Therefore, 
HURP is also known as discs large-associated protein 5 (DLGAP5) and the gene encoding 
HURP is dlgap5 due to the sequence homology of its GKAP domain with a GKAP subfamily, 
GKAP-5.  
Human HURP encodes a 846 amino acids protein which contains several putative 
functional domains including the nuclear localization signal (NLS), nuclear export signal 
(NES), destruction box (D-box), and coiled-coil motif, in addition to GKAP domain (Figure 
1.1) (Tsou et al, 2003).  
 
 
Figure 1.1 A schematic model of the full-length human HURP.  
The putative functional domains are indicated.  




Initial studies showed HURP as a cancer related gene highly expressed in 
proliferating tissues (Chiu et al, 2002; Huang, 2003; Tsou et al, 2003). In particular, the 
expression of HURP transcript was shown to be elevated in proliferating colon and breast 
tumour tissues, and transitional cell carcinoma (TCC) in addition to human hepatocellular 
carcinoma (HCC) (Bassal et al, 2001; Chiu et al, 2002; Huang, 2003; Tsou et al, 2003). The 
gene expression profiles of HURP in various human tissues revealed strong HURP 
expression in foetal liver and bone marrow (Tsou et al, 2003). These studies suggest a 
possible role of HURP in cell proliferation regulation.  
1.1.1 HURP as a novel cell cycle regulated microtubule-associated protein 
 
Despite initial evidences showing the potential functions of HURP in cell 
proliferation, further studies revealed that HURP is a microtubule-associated protein (MAP) 
that is cell cycle regulated (Hsu et al, 2004; Sillje et al, 2006; Tsou et al, 2003; Yu et al, 
2005). Both endogenous HURP transcripts and HURP protein levels are strictly regulated by 
cell cycle progression. In cultured cells, HURP mRNA and HURP protein undergo periodic 
changes along with cell cycle progression which peak during mitosis and simultaneously 
decrease as cells exit mitosis (Figure 1.2) (Hsu et al, 2004; Sillje et al, 2006; Tsou et al, 2003). 
In addition, immunofluorescence studies revealed that the expression profile of 
endogenous HURP exhibits dynamic cellular localization patterns (Sillje et al, 2006). HURP 
is predominantly cytoplasmic in interphase cells and becomes restricted to the nucleus prior 
to the onset of mitosis. During mitosis, HURP signal increases in conjunction with its 
elevated mRNA and protein expression levels. In prometaphase, metaphase and early 
anaphase cells, HURP localizes to the spindle microtubules in the vicinity of chromosomes 
(Figure 1.3). In late anaphase cells, HURP localizes to spindle microtubules alongside 




segregating chromatids and its signal gradually diminishes during the telophase stage (Sillje 
et al, 2006). 
 
 
Figure 1.2 The expression profile of HURP.  
HeLa cells were synchronized by sequential aphidicolin/nocodazole block release protocol. 
Asn, asynchronous cells (Sillje et al, 2006).  
 
 
Figure 1.3 The localization of HURP in mitotic cells.  
Immunostaining of endogenous HURP in HeLa cells, HURP (red), α-tubulin (green), DNA 
(blue); scale bar, 10 µm (Sillje et al, 2006). 
 




1.1.2 HURP regulates bipolar spindle assembly during mitosis 
 
The observation of the localization of HURP on spindle microtubules in HeLa cells 
during mitosis brought about a series of studies focusing on the function of HURP in mitotic 
spindle assembly. During mitosis, the mitotic spindle, which is composed of the centrosomes, 
chromosomes and spindle microtubules cooperate to segregate replicated DNA molecules 
into two daughter cells (Figure 1.4).  
Spindle microtubule is assembled from polarized microtubule polymers composed of 
α- and β-tubulin heterodimers (Mitchison, 1993; Nogales et al, 1999). Radial arrays of 
microtubule polymers are nucleated from centrosome pairs at the opposite ends of the cell 
during mitosis. The minus ends of the polarized microtubules are embedded in the 
centrosomes and the plus ends are spread throughout the cytoplasm forming bipolar array of 
microtubules (Chretien et al, 1996; Dammermann et al, 2003; Li & Joshi, 1995; Wiese & 
Zheng, 2006).  The bipolar array of microtubule structure is further classified into the 
kinetochore microtubules, which extend from the centrosomes and connect to the 
kinetochores; astral microtubules, which are microtubule extensions from the centrosomes 
that do not connect to the kinetochores; and interpolar microtubules, which link the opposite 
poles of the spindle microtubules directly (Figure 1.4).   
In addition to the centrosomes, the centromeres nucleate short microtubules adjacent 
to the kinetochores. The capture and attachment of the plus ends of these short microtubules 
by kinetochores stimulate the growth and polymerization of microtubule bundles known as 
K-fibers at the vicinity of the chromosomes (Figure 1.4) (O'Connell & Khodjakov, 2007). 
 
 






Figure 1.4 A schematic diagram representing the major building blocks of a mitotic 
spindle. 
The kinetochore microtubules, astral microtubules and interpolar microtubules emanate from 
the centrosomes. Interpolar microtubules are connected via MAPs (represented by “xxx”). 
The presence of RanGTP gradient at the vicinity of chromosomes promotes the formation 










Microtubules nucleation and stabilization around mitotic chromosomes are regulated 
by the RanGTP pathway.  The RanGTP pathway is composed of the small GTPase Ran, 
guanine nucleotide exchange factor RCC1, GTPase activating protein RanGAP and the 
inhibitory complex importin β (Kalab & Heald, 2008). During mitosis, active GTP-bound 
Ran (RanGTP) concentration gradient is generated from the chromosomes to the cytosol 
(Caudron et al, 2005; Wollman et al, 2005). RCC1 which is associated with the chromatin 
generates active RanGTP in the vicinity of chromosomes while RanGAP which is present in 
the cytoplasm continuously hydrolyses active RanGTP to inactive RanGDP. This 
concentration gradient promotes cargo protein release from importin β around the 
chromosomes. Upon release from importin β, these cargo proteins which are usually spindle 
assembly factors are activated to promote K-fiber formation and stabilization around the 
chromosomes (Carazo-Salas et al, 2001; Carazo-Salas et al, 1999; Carazo-Salas & Karsenti, 
2003; Nachury et al, 2001). The cooperative interaction between centrosome dependent 
spindle assembly mechanism and chromatin dependent RanGTP spindle assembly pathway 
ensure rapid and proper bipolar mitotic spindle formation during mitosis (O'Connell & 
Khodjakov, 2007; Walczak & Heald, 2008).  
In HeLa cells undergoing mitosis, the RanGTP pathway was shown to regulate the K-
fiber localization of HURP (Koffa et al, 2006; Sillje et al, 2006). The localization of HURP at 
the K-fiber of kinetochore microtubules during mitosis strongly suggests the involvement of 
HURP in K-fiber assembly and organization. The microtubule cold stability assay showed 
that the K-fiber stability is greatly compromised in HURP depleted HeLa cells (Sillje et al, 
2006). Depletion of HURP also leads to the decrease of the interkinetochore distance and the 
presence of unaligned chromosomes in mitotic cells. In addition, in the absence of HURP, 
mitotic cells experience prolonged metaphase and transiently delayed mitotic progression but 
are able to initiate anaphase and complete mitosis eventually. Even though HURP is required 




for mitotic spindle stability and dynamics, cells are able to bypass spindle checkpoint and 
proceed to complete mitotic process in the absence of HURP (Koffa et al, 2006; Sillje et al, 
2006; Wong & Fang, 2006).  
The ability of HURP to promote K-fiber stability suggests that HURP may interact 
with microtubules directly. The direct association of HURP with microtubules was confirmed 
by in vitro analysis which demonstrates that HURP interacts directly with microtubules and 
possesses microtubule bundling activity (Koffa et al, 2006; Sillje et al, 2006; Wong & Fang, 
2006). In addition, the association of HURP with microtubules promotes microtubule 
stability and polymerization by decreasing the turnover rates of α- and β-tubulin subunits on 
spindle microtubules in cells (Wong & Fang, 2006). Electron microscopy analysis was 
performed to show the structure of HURP stabilized microtubules in vitro (Santarella et al, 
2007). HURP induces the formation of unique tubulin sheets that cover the ends of intact 
microtubules which bundle and stabilize microtubules. However, the detailed mechanism of 
how this tubulin sleeve is related to kinetochore microtubule dynamics regulation in cells 
remains unknown.  
Functional domains study revealed that HURP binds to microtubules through its N-
terminal domain (aa 1-278). The interaction of HURP278 with microtubules hyperstabilizes 
spindle microtubules resulting in defects in spindle morphology and function (Wong & Fang, 
2006; Ye et al, 2011). Overexpression of HURP278 induces a range of mitotic abnormalities, 
including delayed mitotic progression, misaligned chromosomes and defective chromosomes 
oscillation. These defects arise due to a novel role of HURP in modulating the function of a 
spindle microtubule plus end directed motor protein, Kif18A at the kinetochore microtubules 
(Ye et al, 2011). Kif18A regulates proper spindle microtubule dynamics at the plus end of 
kinetochore microtubules via its depolymerase activity (Mayr et al, 2007). Ectopic 
aggregation of HURP or its microtubule associating domain, HURP278 on spindle 




microtubules disrupt accumulation of Kif18A at the plus end of kinetochore microtubules 
which in turn compromises the microtubule depolymerizing activity of Kif18A (Figure 1.5) 
(Ye et al, 2011). This study provides new insights into the role of HURP in regulating spindle 








Figure 1.5 A schematic model representing HURP and Kif18A function at the K-fiber. 
HURP regulates Kif18A accumulation at the plus end tip of kinetochore microtubules. 
HURP278 disrupts the localization of Kif18A at the plus end tip of the kinetochore 







  Kinetochore Kif18A  










In addition to regulating spindle formation in the vicinity of chromosomes, HURP 
regulates centrosome mediated spindle formation in Xenopus egg extracts. In Xenopus egg 
extracts, depletion of HURP disrupts both the formation of chromosome- and centrosome-
induced spindle formation (Koffa et al, 2006). A recent study revealed the presence of 
phosphorylated and unphosphorylated forms of HURP in cultured cells (Wu et al, 2013). 
These two forms of HURP cycle between kinetochores and centrosomes during bipolar 
mitotic spindle formation. The unphosphorylated form of HURP is associated with the minus 
end of centrosomal microtubules during the initial stage of mitosis. As mitosis progresses, 
HURP is gradually phosphorylated and translocates along the kinetochore microtubules to the 
vicinity of chromosomes by metaphase stage. The presence of unphosphorylated form of 
HURP at the centrosomes suggests possible roles of HURP in regulating centrosomal 
microtubules formation during mitosis (Wu et al, 2013). These observations suggest that 
HURP could mediate spindle microtubules formation both at the vicinity of chromosomes 
and centrosomes. Nevertheless, more studies need to be done to elucidate the function of 
HURP in centrosomal microtubules assembly.  
1.1.3 The role of HURP in asymmetric centrosome function 
 
Mitotic spindles are often perceived to form symmetrically to connect the 
kinetochores of duplicated chromatids with equal tension before separation to drive 
symmetrical cell division to produce two equal daughter cells (Rieder, 2005; Tanaka, 2010). 
However, the orientation of mitotic spindle can be controlled in time and space to re-align the 
division axis to drive oriented cell division and asymmetrical cell division. This in turn 
controls the final position of daughter cells to determine cell fates, architecture and 
morphogenesis of tissues and organs. The major mechanisms that control spindle orientation 
include dynamic astral microtubule anchoring of mitotic spindle to cell cortex and 




asymmetric centrosome function to establish unequal centrosomal fates and position in the 
early stages of mitosis (Gillies & Cabernard, 2011; Morin & Bellaiche, 2011).  
For example, in interphase Drosophila neural stem cells, the apical centrosome 
position and function is maintained in place while the centrosome containing the grandmother 
centriole becomes down regulated in its microtubule organizing centre (MTOC) activity and 
moves actively in the cytosol in search for the final position for mitotic spindle orientation 
along the desired axis of division (Rebollo et al, 2009; Rebollo et al, 2007). In budding yeast 
and Caenorhabditis elegans zygotes, the spindle poles exhibit asymmetrical properties where 
more microtubules are nucleated and associated with one spindle pole compared to the other 
in asymmetrical cell division regulation (Barral & Liakopoulos, 2009; Kaltschmidt & Brand, 
2002; Keating & White, 1998).  
As mentioned earlier, the unphosphorylated form of HURP associates with 
microtubules emanating from the centrosomes and HURP preferentiality resides in the 
microtubule asters initiated from the mother centrosome in prophase cells (Wu et al, 2013). 
Even though the functional significance of the asymmetric preference of HURP localization 
to the mother centrosome during the early phase of mitosis remains unknown, this finding 
suggests possible role of HURP in the regulation of asymmetrical centrosomal function 
during cell division.  
1.1.4 The role of HURP in meiotic cell division 
 
In the vertebrate meiotic cells, bipolar meiotic spindle is formed from microtubules 
emanating from multiple microtubule organizing centres (MTOCs) around the chromosomes 
in the absence of canonical centrosomes. Precise microtubules-MTOCs organization into a 
bipolar structure is essential to generate competent eggs (Dumont et al, 2007; Schuh & 
Ellenberg, 2007). The availability of Hurp knockout mice that are viable but with sterile 




female mice phenotype allows the detailed study of HURP in meiotic cell divisions (Tsai et al, 
2008).   
HURP associates with meiotic spindle microtubules in the vicinity of chromosomes in 
the spindle midzone of mouse oocytes. HURP promotes microtubule stability in the central 
spindle domain, which in turn allows efficient outward sorting of MTOCs into spindle poles, 
proper chromosomes alignment at the metaphase plate and the establishment and 
maintenance of bipolarity in mouse oocytes (Breuer et al, 2010). 
1.2 The regulation of HURP 
 
To date, the regulation mechanisms of HURP based on cell culture studies involve 
phosphorylation regulations and protein-protein interactions; all of which are tightly 
regulated by cell cycle progression. 
1.2.1 The regulation of HURP by phosphorylation 
 
Computational analysis of HURP amino acid sequence identified a series of potential 
phosphorylation sites in HURP (Huang et al, 2005). This was subsequently confirmed by 
biochemical analyses which showed that HURP is phosphorylated by Cdk1-Cyclin B and 
Aurora A at several phosphorylation sites (Hsu et al, 2004; Wong & Fang, 2006; Yu et al, 
2005). 
Multiple phosphorylations of HURP by Cdk1-Cyclin B promote proteasome mediated 
proteolysis of HURP through a SCF
Fbx7
 complex which corresponds to its decline in cellular 
levels when cells exit mitosis (Hsu et al, 2004).  SCF is a multiple-subunit E3 ubiquitin ligase 
complex which comprises of Skp, Cullin and F-box proteins, such as Fbx7 (Kipreos & 
Pagano, 2000). Phosphorylated HURP associates with the C-terminal PRR motif of Fbx7 to 




be recognized by the Skp subunit of the SCF complex (Hsu et al, 2004). Nevertheless, as the 
SCF complex is not a mitotic specific E3 ligase (Vodermaier, 2004), this study failed to 
provide direct evidence of Cdk1-Cyclin B phosphorylation and SCF complex mediated 
HURP degradation at the end of mitosis. 
Aurora A, a key mitotic serine/threonine kinase, is known to regulate the centrosome 
cycle, mitotic spindle formation, and chromosome separation. Previous studies showed that 
Aurora A phosphorylates HURP and regulates the protein stability of HURP and its 
microtubule binding activity during mitosis (Brittle & Ohkura, 2005; Ducat & Zheng, 2004; 
Sardon et al, 2008; Wong et al, 2008; Wu et al, 2013; Yu et al, 2005).  
The binding of the N-terminal of HURP (aa 1-280) to microtubules is modulated by 
the C-terminal domain of HURP in an Aurora A-dependent manner. Phosphorylation of the 
C-terminal of HURP exposes the microtubule binding domain on the N-terminal of HURP. In 
addition, phosphorylation of the C-terminal region of HURP by Aurora A results in the 
stabilization of HURP during mitosis (Wong et al, 2008).  
Aurora A phosphorylation was recently shown to regulate HURP localization at the 
vicinity of chromosomes and centrosomes (Wu et al, 2013). Several novel Aurora A 
inhibitors effectively eliminate HURP phosphorylation. This study reveals the coexistence of 
a dynamic equilibrium of HURP between unphosphorylated and phosphorylated forms. The 
unphosphorylated form of HURP associates with microtubules emanating from centrosomes, 
while the phosphorylated form of HURP associates with kinetochore microtubules at the 
vicinity of chromosomes. This suggests that HURP may play distinct roles in the assembly of 
centrosomal and kinetochore microtubules (Wu et al, 2013).  
 




1.2.2 The interaction partners of HURP 
 
In Xenopus egg extracts, HURP forms a large protein complex which consists of a 
microtubule binding protein TPX2, a microtubule plus end tip associated protein (+TIP) 
XMAP215 (TOGp in human), a microtubule plus end directed motor protein Eg5 and Aurora 
A (Koffa et al, 2006). Aurora A activity is required on this protein complex for RanGTP 
mediated induction of the aster-form of microtubule structures to bipolar spindle-form of 
microtubule structures. Inhibition of Aurora A or HURP function abolishes RanGTP induced 
bipolar spindle formation in Xenopus egg extracts. Notably, HURP was shown to be required 
for initial astral microtubule nucleation prior to bipolar spindle formation (Koffa et al, 2006).  
Previous studies demonstrated that RanGTP regulates the K-fiber localization of 
HURP (Sillje et al, 2006). In addition, RanGTP dependent HURP-importin β protein complex 
stabilizes HURP by preventing HURP degradation via the ubiquitin ligase anaphase-
promoting complex (APC/C) (Sillje et al, 2006; Song & Rape, 2010). This study shows that 
the protein stability of HURP is also regulated by protein-protein interaction in addition to 
phosphorylation regulation.    
1.3 Studies of the homologs of HURP in animal models 
 
1.3.1 Drosophila  
 
Amino acid sequence alignment analysis showed that HURP contains an evolutionally 
conserved guanylate kinase-associated protein (GKAP) domain (Bennett & Alphey, 2004; 
Tsou et al, 2003). Based on this conserved domain, the Drosophila homolog of HURP, Mars, 
was identified (Yang et al, 2005). In Drosophila, mars codes for a protein that shares 32% 
identity and 53% similarity with human HURP at their GKAP motifs. Mars mRNA 
transcripts are maternally contributed and are prevalently expressed in early embryos and the 




adult germline. In situ hybridization analysis showed strong staining of mars in syncytial 
embryos and the central nervous system (Bennett & Alphey, 2004) . Mars protein is enriched 
in mitotic cells and exhibits dynamic cellular localization during cell cycle progression and 
associates with the mitotic spindles at the vicinity of centrosomes  (Tan et al, 2008). Similar 
to human HURP, the N-terminal domain of Mars possesses microtubule-binding activity 
(Wong et al, 2008; Zhang et al, 2008).  
Mars plays important roles in mitotic spindle organization for normal mitosis 
progression. In mars depleted embryos, the spindle organization during rapid syncytial 
cleavage divisions is greatly impaired (Li et al, 2009; Tan et al, 2008; Zhang et al, 2008). 
Overexpression of Mars in Drosophila eye disc cells induces mitotic delay and chromosomes 
misalignment (Yang et al, 2005). In addition, misregulation of Mars also leads to 
centrosomes misposition or centrosomes detachment from the mitotic spindle (Yang et al, 
2005; Zhang et al, 2009). Knockdown of Mars in Drosophila S2 cells impairs kinetochore 
microtubules assembly and organization, which further leads to chromosomes congression 
defects and mitotic delay (Yang & Fan, 2008). Taken together, these studies suggest that 
Mars is required to maintain cell division and chromosomes segregation fidelity by 
controlling the formation of bipolar mitotic spindle in Drosophila. 
1.3.2 Mouse 
 
Mouse Hurp consists of 808 amino acids, which shares 58% identity and 70% 
similarity with human HURP. Similar to human HURP and  mars, mouse Hurp is enriched in 
actively proliferating tissues such as testis, spleen and thymus, followed by colon, ovary and 
small intestine (Tsai et al, 2008). To study the function of Hurp in model organism under 
normal developmental conditions, Hurp knockout
 
mice were generated. Hurp knockout mice 
are viable and develop normally but exhibit phenotypic defects in specific tissue, i.e. the 




endometrial stroma, rendering the female mice sterile. Specifically, Hurp is important for 
blastocyst implantation in female mice by regulating endometrial stroma proliferation during 
decidualization (Tsai et al, 2008). Therefore, in mice, Hurp is dispensable during early 
development, suggesting that Hurp depletion does not affect normal somatic cell division in 
mice.  
1.4 Zebrafish as an in vivo model for developmental studies 
 
Zebrafish (Danio rerio) is one of the most promising vertebrate model organisms in 
the study of developmental biology and genetics. Its short generation duration and large 
numbers of progeny produced per spawning allows large-scale mutagenesis screenings for 
forward genetic study. The rapid external embryonic development of the optically transparent 
embryos allows efficient visualization of the embryogenesis process to monitor cell 
movements in vivo or internal organogenesis by labelling specific cell types or generation of 
transgenic lines with fluorescent proteins. In addition, the detailed description of 
developmental staging series during early embryogenesis of zebrafish is well established. 
Also, the amenability of zebrafish to various cellular, molecular and genetic techniques 
makes zebrafish a powerful tool in reverse genetics studies, including gain- and loss-of-
function studies (Westerfield, 2000).  
Loss-of-function studies include the inhibition of the function of a gene of interest 
during development to understand its biological function. Morpholino antisense oligo (MO)-
mediated functional knockdown has been widely adopted in this sense in the early 
developmental studies of zebrafish (Ekker, 2000; Nasevicius & Ekker, 2000). The MO is a 
25-subunit synthetic oligonucleotide which contains a morpholine ring instead of a ribose 
ring. This renders MO resistant to nuclease degradation and non-specific interaction with 




endogenous cellular components and enhances the binding of MO to complementary mRNA 
transcripts in vivo (Summerton, 1999).  
MOs form heteroduplexes with target mRNA transcripts to interfere with protein 
translation or mRNA splicing. MO can be designed to inhibit protein translation in the 
cytosol by targeting the 5’ UTR region or the initiation codon of the target mRNA (Draper et 
al, 2001; Summerton, 1999; Summerton & Weller, 1997). MO can also be designed to alter 
pre-mRNA splicing or to cause exon skipping by targeting splice junctions in the nucleus. 
This technique has been widely applied to address the function of particular domains in vivo 
by exon(s) deletion or intron(s) retention (Morcos, 2007; Summerton, 2007).  
The degree of a given gene knockdown can be controlled by the injection of different 
doses of MOs, making it an advantage to study the function of genes that can cause 
embryonic lethality by complete gene knockout. Moreover, several MOs targeting to 
different gene products can be co-injected into wild type or mutant embryos for 
combinational loss-of-function experiments (Ekker & Larson, 2001). Nevertheless, the use of 
MO often leads to off-target effects and subsequently misleading results. Therefore, the 
applications of stringent control experiments are required to correctly interpret the results of 
antisense MO knockdown.  
Standard control experiments have to be performed to access the effectiveness and 
specificity of the targeted gene knockdown by MO (Eisen & Smith, 2008). The knockdown 
efficiency can be evaluated by detecting endogenous protein levels using immunostaining or 
Western blot analysis. In the case where a reliable antibody is absent, tagged form of the MO 
target sequence can be expressed to show that the expression of the tag is down regulated by 
the MO. The knockdown efficiency of splice blocking MOs can be determined by RT-PCR to 
detect the mRNA levels (Eisen & Smith, 2008).  




Other control experiments include the use of a control MO such as a 5-base mismatch 
MO that shows no phenotypic defects when injected at the same amount as the experimental 
MO and the usage of at least two non-overlapping MOs against the gene of interest that 
exhibit similar phenotypic defects. Notably, the most reliable control experiment is to rescue 
the phenotypic defects exerted by the experimental MO by introducing the gene of interest in 
the form of a synthetic RNA immune to the experimental MO.  While it may be 
experimentally challenging to extensively apply all forms of control experiments, it is 
noteworthy that the accuracy of the interpretation of MO mediated knockdown results is 
strongly dependent on the amount of control experiments performed (Eisen & Smith, 2008).  
Overexpression of a gene of interest in zebrafish embryos by microinjection of DNA 
or RNA into zebrafish embryos has been extensively used in zebrafish as a form of gain-of-
function study. The gene of interest can be overexpressed spatially, stably or in an inducible 
manner under the control of different promoters. For example, the fusion of a fluorescent tag 
to the gene of interest downstream of a tissue specific promoter enables the analysis of the 
gene function in specific tissues or organs (Gong et al, 2001; Zhu & Zon, 2004). Under the 
control of heat shock sensitive promoters or tetracycline response elements, the expression of 
the transgenic gene can be induced at a desired stage of development by controlling water 
temperature (39 °C) or exposure to tetracycline (Pyati et al, 2007). Also, Gal4-UAS and Cre-
LoxP systems have been extensively applied to induce specific transgene expression by 
crossing two individual transgenic lines (Le et al, 2007; Pan et al, 2005; Scheer & Campos-
Ortega, 1999).  
 




1.5 Stages of early zebrafish embryonic development  
The early development of zebrafish embryos, from zero to three days post fertilisation 
(dpf) can be broadly divided into several periods defined by its morphological features, 
including zygote, cleavage, blastula, gastrula, segmentation, pharyngula and hatching periods. 
Fertilized embryos enter the first zygotic cell cycle, defined as the zygote period (0-0.75 
hours post fertilization, hpf). The cleavage period (0.75-2.25 hpf) involves seven cycles of 
rapid and synchronous cell divisions to form a mass of blastomeres on top of the syncytial 
yolk cell. The blastula period (2.25-5.25 hpf) begins with two more synchronous cycles of 
cell divisions followed by a lengthened asynchronous cell division followed by the initiation 
of epiboly movement.  
The first morphogenetic cell movement of the embryo, epiboly, occurs at mid-blastula 
period (4.33 hpf). During gastrulation (5.25-10.33 hpf), four morphogenetic movements, 
including epiboly, internalization, convergence and extension (C&E) take place to generate 
the ectodermal, mesodermal and endodermal germ layers and shape the embryonic axis. At 
the end of gastrulation, three germ layers are formed and primary organogenesis begins. 
Somites, neuromeres, pharyngeal arch primordial and tail develop during segmentation 
(10.33-24 hpf). Blood circulation, pigmentation and fins begin to develop during the 
paryngula period (22-48 hpf). At this stage, the embryonic axis is straightened. Finally, rapid 
primary organs morphogenesis are completed and embryos hatch from the chorion during 
hatching period (48-72 hpf) (Kimmel et al, 1995).  
 
 




1.6 Morphogenetic cell movements during gastrulation 
 Gastrulation is one of the major events during early developmental process, in which 
the fundamental vertebrate body plan is established. This includes the formation of three 
germ layers (ectoderm, mesoderm and endoderm), and the formation of anterior-posterior and 
dorsal-ventral body axes (Kimmel et al, 1995). 
1.6.1 Epiboly 
 
At mid-blastula stage, a compact mass of blastomeres sits on top of the large syncytial 
yolk cell. The blastoderm (deep cells) is covered by an enveloping layer (EVL), the most 
superficial layer of blastomeres. The yolk syncytial layer (YSL) is formed beneath the 
blastoderm and is populated by the yolk syncytial nuclei (YSN) (Figure 1.6) (D'Amico & 
Cooper, 2001; Kimmel et al, 1995). Epiboly involves coordinated expansion of the EVL, 
deep cells and YSL around the yolk cell towards the vegetal pole. Epiboly is initiated by the 
yolk cell doming towards the animal pole and involves radial intercalation of deep cells to 
facilitate isotropic thinning of the blastoderm around the nascent embryo (Warga & Kimmel, 
1990). Vegetal expansion of YSL pulls the EVL which is tightly attached to YSL at its 
margin along while the deep cells fill in the space between YSL and the EVL (Trinkaus, 1984; 
Trinkaus, 1992). 
Extraembryonic cytoskeletal structures at the YSL and yolk cytoplasmic layer (YCL) 
play important roles in driving epiboly progression. The extensive microtubule arrays in the 
YSL and the YCL facilitate the vegetal expansion of YSL (Figure 1.6) (Solnica-Krezel & 
Driever, 1994; Strahle & Jesuthasan, 1993). Disruption of microtubule networks in the yolk 
cell inhibits epiboly progression. The F-actin-based structures, which include two rings at the 
edges of the EVL and deep cells, and a punctate actin band at the external YSL appear after 
50% epiboly (Figure 1.6) (Cheng et al, 2004). These F-actin structures function to draw 




marginal cells toward the animal pole to enclose the yolk cell. The disruption of these actin 
structures results in a delay or failure in epiboly progression. 
The establishment of E-cadherin/half baked/cdh1 mutants and studies using antisense 
MO to knockdown the level of E-cadherin in zebrafish embryos demonstrated that the 
epiboly of the deep cells is uncoupled from extraembryonic cytoskeleton networks (Babb & 
Marrs, 2004; Kane et al, 1996; Kane et al, 2004; Solnica-Krezel et al, 1996). E-cadherin-
mediated adhesion between cells in the blastoderm is required for radial intercalation 
movements to drive epiboly. In addition, E-cadherin deficient embryos display abnormal 
cells bulging and detachment from the surface of zebrafish embryos suggesting defective 












Figure 1.6 The organization of cytoskeletal networks in zebrafish yolk cell.  
(A) 50% epiboly, lateral view, animal pole to the top. A dense network of microtubules 
surrounds the YSN in YSL. A set of animal-vegetal oriented parallel microtubules networks 
form from the YSL into the YCL. A dense vegetal actin structure covers the yolk cell vegetal 
pole. (B) 70% epiboly, lateral view, animal pole to the top. The animal-vegetal oriented sets 
of microtubules in the yolk cell shorten as epiboly progresses. The vegetal actin structure at 
the vegetal pole region is present. Three additional F-actin structures are formed: two actin 
rings at the margin of deep cells and EVL, and a punctate actin band at the external YSL. The 














The second morphogenetic movement, internalization is initiated when the yolk cell is 
half covered by the blastoderm. The mesodermal and endodermal progenitor cells located at 
the margin of the deep cells internalize via the blastopore around the blastoderm margin 
forming an internal layer, the hypoblast, and an overlying ectodermal epiblast layer (Kimmel 
et al, 1995; Warga & Kimmel, 1990). In zebrafish, the internalization event requires 
involution, which involves synchronous internalization of the mesodermal and endodermal 
precursors in the lateroventral region, and ingression where the cells move individually via 
blastopore in the dorsal region (Kane & Adams, 2002; Keller et al, 2008; Montero et al, 2005; 
Shih & Fraser, 1995). Upon internalization, the mesodermal and endodermal progenitors 
initially migrate towards the animal pole away from the blastopore without dorsal 
convergence, while epiboly movements towards the vegetal pole continues (Montero & 
Heisenberg, 2004; Warga & Nusslein-Volhard, 1999).   
1.6.3 Convergence and extension (C&E) 
 
The onset of C&E is marked by the compaction of cells at the dorsal side of the 
embryo. Starting from mid-gastrulation (7.5 hpf), the progenitors of all three germ layers 
narrow in mediolateral direction and extend along the anteroposterior axis to shape the 
embryonic axis (Sepich et al, 2005; Warga & Kimmel, 1990).  
While the pattern of endoderm and ectoderm C&E is less understood, the C&E 
movements of mesodermal cells are well studied and exhibit dynamic spatial and temporal 
patterns along the dorsoventral axis of the zebrafish gastrulae (Figure 1.7). In the ventral 
domain (I), cells do not participate in C&E, but undergo migration towards the vegetal pole. 
In the ventral-lateral domain (II, III), cells initiate slow migration towards the dorsal axis. As 
cells reach closer to the dorsal midline, they become polarized and migrate with increasing 




velocity along straighter trajectories. In the dorsolateral domain (IV), polarized cells 
participate in mediolateral intercalation movements in addition to cell migration. In addition, 
dividing cells align their division axes along the animal-vegetal axis. In the most dorsal 
domain (V), cells closer to the animal pole undergo anterior directed migration, whereas the 
cells closer to the vegetal pole largely undergo mediolateral cell intercalation which results in 
strong axis extension and modest convergence (Figure 1.7) (Roszko et al, 2009; Yin et al, 
2009).  
The distinct characteristics of C&E movements in the different territories of zebrafish 
gastrulae during gastrulation imply complex underlying signalling pathways which modulate 
different cellular behaviours or combinations of different cellular behaviours on each germ 














Figure 1.7 The spatial and temporal mesodermal cell behaviours of a zebrafish gastrula 
during C&E.   
Regions I-V show distinct C&E domains and cell behaviours. The figure is modified from  











Table 1.1 The signalling pathways regulating C&E and the respective polarized cell 
behaviours. The table is modified from (Yin et al, 2009). 










Occurs in different germ layers of 
gastrulating embryos involving migration 
of individual cells or groups of cells 
without significant neighbour exchanges in 





Stat3, Bmp gradient; 
Gα12/13; Bcl2; RhoGTP 






Prostaglandin E2 (PGE2); 
Hyaluronan (HA); Bmp 





Fibronectin ECM; Gα12/13; 
No tail/Brachyury; Gravin; 
Bmp gradient; RhoGTP 
pathway 
The main driving force of convergent 
extension of trunk axial mesoderm and 
dorsal ectoderm involving polarized cell 
elongation and protrusive behaviour in the 
medial and lateral directions. 
Polarized radial 
intercalation 
Noncanonical Wnt/PCP Cells intercalate along one axis leading to 
anisotropic tissue extension resulting in 
anteroposterior extension of embryonic 
axis in the medial presomitic mesoderm. 
Oriented cell 
division 
Noncanonical Wnt/PCP An active polarized orientation of the 
mitotic spindles biased along the 
anteroposterior axis which contributes to 
zebrafish axis elongation. 
 




In zebrafish, the key regulator of C&E during gastrulation is the noncanonical 
Wnt/planar cell polarity (PCP) pathway. Zebrafish mutant embryos in which the 
noncanonical Wnt/PCP pathway components are perturbed, e.g. silberblick/wnt11, 
pipetail/wnt5, trilobite/strabimus and knypek/glypican4 show specific defects in C&E 
movements which result in embryos with shortened anteroposterior axis and wider dorsal 
structures. (Heisenberg et al, 2000; Jessen et al, 2002; Rauch et al, 1997; Topczewski et al, 
2001). The noncanonical Wnt/PCP pathway strictly coordinates cell polarity which controls 
cell movements by regulating cell shape, cell orientation, and cell protrusion during C&E, via 
various downstream effectors and interactions with several signalling pathways implicated in 
C&E movements (Jessen et al, 2002; Myers et al, 2002; Topczewski et al, 2001; Wallingford 
et al, 2000). However, the molecular and cellular mechanisms by which the mediolateral cell 
polarity is established are still incomprehensive. 
The RhoGTP pathway, widely established as regulator of cell migration, acts as 
downstream effectors of noncanonical Wnt/PCP pathway (Marlow et al, 2002; Zhu et al, 
2006). Rho-family GTPases affect the organization of microtubules and actin cytoskeleton to 
establish cell polarity in migrating cells (Roszko et al, 2009; Yin et al, 2009). Rho-family 
GTPases are shown to capture and stabilize microtubules through their effectors, leading to 
polarized microtubule array. Alternately, the polymerization state of microtubules modulates 
Rho-family GTPases activity (Watanabe et al, 2005). Loss-of-function study in zebrafish 
revealed that RhoA functions downstream of Wnt11/5 to regulate C&E movements via its 
downstream effectors, Rho kinase and Diaphanous (Zhu et al, 2006). Therefore, the cellular 
cytoskeletal organization and assembly are closely regulated by signalling pathways to ensure 
proper cell polarity and consequently cell migration during gastrulation.  
 




1.7 The role of cytoskeletal microtubules in cell polarization during C&E 
 
In the early zebrafish gastrulae, before the initiation of polarized C&E movements, 
the lateral domain consists of rounded and nonpolarized morphologically similar embryonic 
cells. Effective C&E is initiated via the establishment of polarized and directional nature of 
embryonic cells at a specific time and position. Lateral cells become mediolaterally-elongated 
and shift their migratory behaviour from slow, irregular dorsally-oriented migration to fast, 
strong dorsally-biased migration at mid-gastrula stage. At the end of gastrulation, as the cells 
approach the dorsal midline, these cells become mediolaterally oriented and densely packed 
to allow mediolateral intercalation to take place (Figure 1.7) (Keller et al, 2000; Myers et al, 
2002; Sepich et al, 2005; Solnica-Krezel, 2006). Polarized cells arise from asymmetric 
protein distribution and cell function, driven by dynamic cytoskeleton organization and 
membrane protein delivery to generate evolutionarily diverse cell shapes and functions. In 
developing zebrafish embryos, the establishment of cell polarity is crucial in driving C&E 
movements.  
The asymmetric distribution and dynamic state of microtubules is required to control 
cell adhesion and force-production by the actin cytoskeleton to establish cell polarity. For 
example, asymmetric microtubule distribution and dynamics were demonstrated in fibroblasts 
and neurons. Compared to the retracting cell rear, more microtubules grow towards the 
protruding cell front. However, the density of microtubules adjacent to the cell cortex is 
lower at the protruding front than the retracting rear. This is because the speed of membrane 
protrusion exceeds microtubule polymerization in conjunction with the active rearward 
transport of microtubules by the actin retrograde flow. Importantly, fibroblast movements in 
cultured cells are inhibited upon microtubule depolymerization and minor alterations in 




microtubule dynamics using low doses of taxol or nocodazole (Liao et al, 1995; Vasiliev et al, 
1970).  
A recent study showed that microtubules are involved in regulating planar cell 
polarity during C&E in zebrafish gastrulae (Sepich et al, 2011). Cytoskeletal microtubules are 
required for asymmetric localization of noncanonical Wnt/PCP component Prickle at the 
anterior cell edge in the notochord, presomitic mesoderm and neural ectoderm at the dorsal 
midline. Conversely, nonanonical Wnt/PCP signalling affects microtubule cytoskeleton 
polarity by modulating the position of MTOC in migrating lateral mesodermal and 
ectodermal cells during C&E from mid- to late gastrulation (Sepich et al, 2011). This study 
has highlighted for the first time the control of microtubule cytoskeleton organization by 
regulators of C&E and the role of polarized microtubule cytoskeleton in affecting the 
distribution of the regulators of C&E during gastrulation.   
The role of microtubules in regulating cell polarity for proper C&E was further 
demonstrated in Xenopus embryos (Nalbant et al, 2009). Microtubule depolymerization 
inhibits actin-driven lamellipodial protrusions and cell-cell contacts. Cytoskeletal 
microtubules disruption releases a microtubule-bound Rho guanine nucleotide exchange 
factor (GEF), known as XLfc. Microtubule binding-RhoGEF is sequestered and inactivated 
when bound to the microtubule lattice and activated upon microtubule depolymerization 
(Chang et al, 2008; Krendel et al, 2002). The release of XLfc activates RhoA which in turn 
promotes actin-driven lamellipodial protrusions and cell-cell contacts in cells undergoing 
C&E in Xenopus embryos (Nalbant et al, 2009). Therefore, a tight regulation of microtubule 
dynamics is required to alter the distribution of microtubule dynamics asymmetrically in cells 
and activate distinct signalling response by changing the status of regulatory factors.  
 




1.8 Oriented cell division during zebrafish gastrulation 
 
 In addition to planar cell polarity control, oriented cell division which actively aligns 
the division axis in the anteroposterior dimension demonstrates another polarized event that 
arguably affects axis elongation during zebrafish gastrulation. In zebrafish embryos, cell 
divisions of the deep cells during the late blastula stage (dome to 50% epiboly) exhibit 
random orientation with respect to the surface of the embryo. Upon initiation of gastrulation, 
the superficial layer of the deep cells gradually orients their division axis to become planar. In 
the dorsolateral region, the cell division planes are aligned to the embryonic surface and 
oriented in the animal-vegetal (AV) direction until the completion of gastrulation. 
Mediolaterally elongated dorsal epiblast cells are known to participate in mediolateral 
intercalation which is the major driving force for axis elongation. However, this 
mediolaterally elongated cell shape does not account for the persistent AV orientation of 
division at the dorsal epiblast of zebrafish embryos (Concha & Adams, 1998).   
When the non-canonical Wnt/PCP components are perturbed, AV oriented cell 
divisions in the epiblast plane and the plane perpendicular to it at the dorsolateral region of 
zebrafish gastrulae are randomized resulting in embryonic axis extension failure (Concha & 
Adams, 1998; Gong et al, 2004). However, several other studies have provided evidences that 
randomized cell division at the epiblast plane alone during zebrafish gastrulation is 
insufficient to inhibit dorsal axis elongation (Quesada-Hernandez et al, 2010; Segalen et al, 
2010). Therefore, coordinated AV oriented cell divisions in both the epiblast plane and the 
perpendicular plane are required to drive embryonic axis elongation.  
 
 




1.9 Summary and objectives 
 
In vitro studies revealed that HURP is a MAP that stabilizes microtubules and is 
required to promote proper spindle assembly in mitotic cells (Koffa et al, 2006; Sillje et al, 
2006; Wong & Fang, 2006). Even though chromosome congression is disrupted in the 
absence of HURP, cells are able to complete mitosis eventually. HURP is shown to localize 
to the centrosomal microtubules in its unphosphorylated form (Wu et al, 2013). This finding 
suggests possible roles of HURP in centrosomal microtubules assembly in addition to 
kinetochore microtubules organization. Interestingly, HURP preferentiality resides in the 
microtubule asters initiated from the mother centrosome in prophase cells, suggesting 
possible functions of HURP in the regulation of asymmetrical properties of centrosomal 
microtubules (Wu et al, 2013). Nevertheless, even though HURP is identified as a MAP, the 
association of HURP with cytoskeletal microtubules has not been characterized. Hence, the 
functional significance of the role of HURP in cytoskeletal microtubules organization under 
normal physiological conditions remains unknown.  
In vivo studies in Drosophila revealed the role of Mars for spindle organization during 
rapid cleavage divisions in early Drosophila embryos (Li et al, 2009; Zhang et al, 2008). 
Mars is maternally deposited and is highly expressed during the embryonic developmental 
stage. However, early developmental studies are unable to be performed in Drosophila as 
more than 80% of embryos derived from mars mutant females do not undergo normal 
development due to severe mitotic defects during rapid nuclear divisions in early 
embryogenesis (Tan et al, 2008; Zhang et al, 2008). Hurp
-/- 
mice, on the other hand, do not 
exhibit early developmental defects and survive to adulthood. This mutation affects the cell 
proliferation of a specific tissue, i.e. the endometrial stroma during implantation which results 
in female infertility (Tsai et al, 2008).  




Thus, the function of HURP during early embryonic development has yet to be 
elucidated. Due to the advantages and strengths of zebrafish as a model organism for 
developmental studies, its amenability to gene knockdown by MO and functional rescue, I set 
to study the role of HURP during early embryonic development and its molecular 
mechanisms using zebrafish as a model organism. 
 One of the major events during early embryonic development is gastrulation which 
involves major changes in cell movements and behaviours. The major cell behaviour changes 
include the establishment of polarized cells which precede fast dorsal directed cell migration 
and mediolateral intercalation at the dorsal midline during C&E. In addition, randomized cell 
division axes prior to gastrulation become AV oriented at the dorsolateral region of zebrafish 
gastrulae upon gastrulation initiation. During epiboly, the EVL, deep cells and YSL spread 
vegetally to cover the yolk cell. Such dynamic cell movements and behaviours during 
gastrulation require precise reorganization and regulation of microtubule structures. 
Nevertheless, the detailed mechanisms of how cytoskeletal microtubules, spindle 
microtubules or extraembryonic microtubules in zebrafish are regulated during zebrafish 
gastrulation remains elusive.  
 Based on the current understanding of the function of HURP in microtubule 
organization, and the current gap in the understanding of the role of microtubule organization 
during embryonic development, the objectives of this study are as follows: 
1. To isolate zebrafish hurp gene and characterize its mRNA and protein expression 
profile.  
2. To investigate the role of Hurp during zebrafish embryogenesis by loss-of-function 
study using antisense MO-mediated knockdown of hurp in zebrafish embryos.  




3. To investigate the underlying molecular mechanisms by which Hurp regulates early 
embryonic development in zebrafish embryos.




Chapter 2: Materials and methods 
2.1 Gene isolation and cloning 
2.1.1 Polymerase chain reaction (PCR) 
 
Gene constructs were amplified by polymerase chain reaction (PCR) from cDNA 
libraries using DyNAzyme
TM
 EXT DNA polymerase (Finnzymes). Membrane GFP (mGFP) 
was amplified from pCAG-mGFP (Plasmid 14757, Addgene). The PCR reaction is shown in 
Table 2.1. The PCR cycle parameters is shown in Table 2.2. The sequence of primers used in 
this study is shown in Table 2.3.  
Table 2.1 PCR reaction  
Components Volume (μl) 
cDNA Template (200 ng/μl) Variable 
Forward primer (10 nM) 0.5 
Reverse primer (10 nM) 0.5 
dNTP (10 nM) 0.5 
10 × 514 Buffer 2.5 
DyNAzyme
TM
 EXT  0.5 
Sterile distilled water Top up to 25 µl 
Total volume 25 
 
Table 2.2 Cycling parameters of PCR for cDNA cloning 
Cycle Step Temperature (°C) Time 
1 Initialization 95 3 min 
24-28 
Denaturation 95 35 s 
Annealing 50-60 40 s 
Extension 72 2-3 min (1 min/kb) 
1 Final elongation 72 10 min 
1 Final hold 4 ∞ 
 
 






Table 2.3 Primers for cloning full length cDNA of target genes  
Constructs Inserts Vectors Primers (5’-3’) Insertion 
Sites 








   R-CTCGAGCTCGAGATTTGCTTGTTGGAGGAG   
peGFP-c1 Hurp Hurp peGFP-c1 F-CTCGAGCTCGAGCTATGGAGTCTCGTTTCG Xho1 & 
BamH1 
   R-ATCCGGATCCTTTGCTTGTTGGAGGAGTGAA  
PCS2+ eGFP- 
Hurp 
eGFP-Hurp PCS2+ F-ATCCGGATCCATGGTGAGCAAGGGCG BamH1 & 
Xba1 





eGFP-Hurp278 PCS2+ F-ATCCGGATCCATGGTGAGCAAGGGCG  BamH1 & 
Xba1 






F-ATCCGGATCCATGCCTGAACCAGCGAAA GCAGCG BamH1 & 
Xho1 














   R-TCTATCTAGATTACTTGTACAGCTCGTCCATGC  
PCS2+ mGFP mGFP PCS2+ F-CCGAATTCATGCTGTGCTGTATGAGAAGAACCA  EcoR1 & 
Xho1 










2.1.2 DNA ligation and transformation 
 
Each of the fragments amplified from cDNA libraries or plasmids was purified using 
the QIAquick Gel Extraction Kit (Qiagen) after agarose gel electrophoresis and subjected to 
double restriction digestion. The genes were inserted into the respective vectors at the 
respective restriction digestion sites (Table 2.3). Restriction enzymes and buffers used in this 
study were purchased from Promega. The reaction was incubated in 37 °C water bath for 2-6 
hours. The components of restriction digestion are shown in Table 2.4. 
Table 2.4 Double restriction digestion system  
Components Volume (μl) 
Purified PCR products 10 
Restriction enzyme 1 0.5 
Restriction enzyme 2 0.5 
10 × Buffer 2 
BSA 0.5 
Sterile distilled water 6.5 
Total volume 20 
 
The digested PCR products were purified using the QIAquick PCR Purification Kit 
(Qiagen) and subsequently inserted into PCS2+ vector or pXJ40 vector (B. C. Low, NUS) 
with GFP or mCherry tags (Table 2.3).  
The ligation reaction was incubated at 4 °C overnight or at room temperature for 2-3 
hours. The components of the ligation reaction are shown in Table 2.5. The ligation products 
were then added into a final volume of 100 μl of DH5α or TOP10 competent cells for 
transformation. The mixture of competent cells and ligation products was incubated on ice for 




30 minutes and heated at 42 °C for 90 seconds and cooled immediately on ice for 3 minutes. 
After cooling, 1 ml of fresh LB medium (Conda) was added into the mixture and incubated at 
37 °C shaker for 1 hour. Subsequently, the mixture was centrifuged and the supernatant was 
discarded. The pellet was re-suspended and spread on LB agar plate supplemented with 
appropriate antibiotics. The LB agar plates were incubated at 37 °C overnight and the grown 
colonies were picked for plasmid extraction. 
Table 2.5 Ligation reaction system  
Components Volume (μl) 
Double digested PCR products 6 
Double digested vector 0.5 
T4 Ligase (Promega) 0.5 
10 × T4 Ligase buffer (Promega)  1 
BSA 0.5 
Sterile distilled water 1.5 
Total volume 10 
 
 Plasmid extraction was performed using miniprep plasmid extraction kit (Axygen) 
according to the manufacturer’s protocol. The purified plasmids were subjected to DNA 
sequencing analysis to confirm the fidelity of the cloned gene.  
2.1.3 DNA sequencing 
 
 The sequencing reactions were carried out with ABI PRISM® BIG DYE™ 
Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems). The sequencing 
reaction mixture is shown in Table 2.6 and the PCR cycle in Table 2.7.  




Table 2.6 DNA sequencing reaction 
Components Volume (μl) 
Terminator Ready Reaction Mix (BigDye terminators) 2 
5 × Sequencing reaction buffer 4 
1 mM Sequencing primer 3.2 
Template DNA (200-500 ng) Variable 
Sterile distilled water Top up to 20 μl 
Total volume 20 
 
Table 2.7 Cycling parameters for DNA sequencing 
Cycle Temperature (°C) Time 
1 96 1 min 
24-28 
96 10 s 
50 5 s 
60 2 min (1 kb/min) 
1 4 ∞ 
  
The DNA products were precipitated and purified with NaOAc/ethanol mixture (2 μl 
of 3 M NaOAc, pH 4.6 and 50 μl of 90% ethanol). The solution was mixed and incubated at 
room temperature for 15 minutes followed by centrifugation at maximum speed for 15 
minutes. The supernatant was discarded and the pellet rinsed with 70% ethanol for 5 minutes 
and centrifuged for 5 minutes twice. The pellet was air-dried and dissolved in 10 μl HiDi and 
sent for sequencing on ABI377 sequencer system.  
 
 




2.2 Gene expression analysis 
2.2.1 RNA isolation from embryos and tissues 
 Total RNAs from zebrafish embryos and tissues were extracted using TRIzol reagent 
(Gibco). Approximately 50-200 embryos or 100 mg tissues were briefly frozen in liquid 
nitrogen and homogenized in 1 ml of TRIzol reagent. The homogenate was incubated at room 
temperature for 5 minutes to allow nucleoproteins to dissociate before adding 200 μl of 
chloroform. The mixture was shaken vigorously for 15 seconds, incubated at room 
temperature for 3 minutes and centrifuged at 12 000 g for 15 minutes at 4 °C to separate the 
aqueous and organic phases. 500 μl of the aqueous phase was then transferred to a new tube 
and an equal volume of isopropanol was added, incubated at room temperature for 10 
minutes and centrifuged at 12 000 g for 10 minutes at 4 °C. The supernatant was removed 
and the pellet was washed with 75% ethanol and centrifuged at 7500 g for 5 minutes at 4 °C.  
The RNA pellet was briefly dried and dissolved in 20 μl of DEPC (Diethyl pyrocarbonate) 
water and stored at -80 °C.  
2.2.2 Reverse-transcriptase PCR (RT-PCR) 
 
 RT-PCR analysis was performed in a 2-step reaction. The first step involved synthesis 
of first strand cDNA and the second step involved amplification of zebrafish hurp and β-actin 
from single strand cDNA as template. The primers used are shown in Table 2.8. The 
extracted RNA was used as a template to generate a cDNA library by reverse transcription 
reaction. The reverse transcription reaction was carried out using SuperScript™ III RTase 
(Invitrogen) procedures. A mixture of RNA template (11.5 µl), OligodT (1 µl) and dNTP (1 
µl) was incubated at 65 °C for 5 minutes and chilled on ice. Next, 5 × First strand buffer (4 
µl), 0.1 M DTT (2 µl) and RNase out™ (0.24 µl) were added into the mixture and incubated 
at 42 °C for 2 minutes. Finally, SuperScript RTase (0.25 µl) was added into the reaction 




mixture and incubated at 42 °C for 50 minutes and 70 °C for 15 minutes. The products can be 
stored at -80 °C or used as template for PCR immediately. The PCR reaction was carried out 
using standard PCR procedure as described in Table 2.1 and 2.2.  






2.3 Whole-mount in situ hybridization  
2.3.1 RNA probe synthesis 
 
To synthesize antisense dioxigenin (DIG)-labelled RNA probe, plasmid DNA was 
linearized at the 5’ end of the cDNA insert with appropriate restriction enzyme and reaction 
buffer at 37 °C for 2 hours. The linearized plasmid was purified using the QIAquick Gel 
Extraction Kit (Qiagen) after agarose gel electrophoresis. 1 μg of linearized DNA was used as 
template to synthesize DIG-labelled probe. The reaction, as shown in Table 2.9, was 






Gene Primers (5’-3’) 
hurp Forward- GGATCCGGATCCATGGAGTCTCGTTTCGCA  
 Reverse- CTCGAGCTCGAGATTTGCTTGTTGGAGGAG 
β-actin Forward- CCGTGACATCAAGGAGAAGCT 
 Reverse- TCGTGGATACCGCAAGATTCC 




Table 2.9 DIG-labelled RNA synthesis  
Components Volume (μl) 
Linearized plasmid DNA template (1 µg) Variable 
T7/SP6 RNA polymerase (Roche) 1 
RNase inhibitor (40 U/μl) (Roche) 1 
10 × DIG RNA labelling mix  (Roche) 2 
10 × Buffer (Roche) 2 
Sterile distilled water Variable 
Total volume 20 
 
Next, RNase-free DNase was added to digest the DNA template at 37 °C for 30 
minutes and EDTA (pH 8.0) was used to stop the restriction digestion. Subsequently, the 
synthesised DIG-labelled RNA was precipitated and purified by the Lithium chloride 
precipitation method. After washing with cold 70% ethanol, the RNA probe was re-
suspended in DEPC treated water. The quality and concentration of the synthesised DIG-
labelled RNA probe were determined by gel electrophoresis and spectrophotometric analysis 













Table 2.10 List of DIG-labelled RNA probes   
Probes References/ Genbank accession no.  
hurp NM_001004592 
hgg1 (Akimenko et al, 1994) 
dlx3 (Akimenko et al, 1994) 
ntl (Schulte-Merker et al, 1994) 
myoD (Weinberg et al, 1996) 
papc (Yamamoto et al, 1998) 
chd (Sasai et al, 1994) 
 
2.3.2 Embryos collection and fixation 
 
Embryos were collected at respective stages and fixed in 4% PFA/PBS for 12 to 24 
hours at 4 °C. After fixation, the embryos were washed in PBST (0.1% Tween-20) for 4 
times for 20 minutes on a nutator at room temperature. Embryos younger than 16 hpf were 
fixed without dechorionization and the chorion was removed after PBST wash. 
 2.3.3 Pre-hybridization and hybridization 
 
 After fixation and PBST wash, embryos were incubated in hybridization buffer [50% 
formamide; 5 × SSC; 50 μg/ml heparin; 500 μg/ml tRNA; 0.1% Tween-20; pH 6.0 (adjusted 
by citric acid)] at 68 °C for 12-24 hours.  
The synthesized DIG-labelled probes were diluted in hybridization buffer to the final 
concentration of 1 ng/μl. The probes were denatured by heating at 80 °C for 5 minutes 
followed by 5 minutes on ice bath. The prehybridized embryos were then incubated with the 
denatured DIG-labelled probes at 68 °C overnight. 
 




2.3.4 Post-hybridization washes 
 
After incubation at 68 °C overnight, DIG-labelled probes were removed and replaced 
with pre-warmed 100% hybridization wash buffer (hybridization buffer without tRNA and 
heparin) for 15 minutes. The embryos were then washed in the following wash solutions, 15-
20 minutes each: 75% hybridization wash solution + 25% 2 × SSCT (0.1% Tween-20) [20 × 
SSC (0.3 M sodium citrate pH 7; 3 M NaCl)]; 50% hybridization wash solution + 50% 2 × 
SSCT; 25% hybridization wash solution + 75% 2 × SSCT. This was followed by 2 × SSCT 
wash for 2 × 30 minutes and 0.2 × SSCT wash for another 2 × 30 minutes. Subsequently, the 
embryos were washed twice with PBST at room temperature for 5 minutes each. 
2.3.5 Antibody incubation 
 
Prior to antibody incubation, the embryos were incubated in blocking reagent (Roche) 
dissolved in Maleic acid buffer (100 mM NaCl; 150 mM maleic acid pH 7.5; 0.1% Tween-20) 
for 2 hours at room temperature to block non-specific binding sites for antibody.  
Commercial DIG-AP antibody (Roche) was pre-incubated with biological tissues, 
preferably of the same origin as the sample used for hybridization, in order to decrease the 
staining background and increase signal-to-noise ratio. Thus, DIG-AP antibody was diluted 
to 1:500 in the blocking solution and incubated with 50 zebrafish embryos of any stages at 
4 °C for overnight. The pre-absorbed antibody solution was transferred to a new tube and 
diluted to 1:5000 with the blocking solution. The pre-absorbed antibody was ready for use 
and was stored at 4 °C. After removing the blocking solution, the embryos were incubated 
with pre-absorbed anti-DIG-AP antibody at 4 °C overnight. 
 
  




2.3.6 Colour development 
 
 Embryos were washed in 1 × PBST four times for 15-20 minutes on a nutator at room 
temperature followed by washing in Buffer 9.5 (0.1 M Tris-HCl, pH 9.5; 50 mM MgCl2; 10 
mM NaCl and 0.1% Tween-20) once for 30 seconds and twice for 10 minutes. Following that, 
the embryos were incubated with 4.5 μl of NBT (Nitroblue tetrazolium, Boehringer 
Mannheim, 50 mg/ml in 70% dimethyl formamide) and 3.5 μl of BCIP (5-bromo, 4-chloro, 
3-indodyl phosphate salt, 50 mg/ml in H2O) (Roche) in 1 ml Buffer 9.5 and incubated in the 
dark at room temperature for a few minutes to several hours. The progress of the staining was 
monitored from time to time under a Leica MZ12 microscope (Leica). Upon desired colour 
development, the reaction was stopped by removing the staining solution and washed with 
PBST for several times. The embryos can be stored in 50% glycerol/PBS at 4 °C.  
2.3.7 Mounting and imaging 
 
The mounting chamber was made by attaching stacks of 2-5 pieces of cover slips (22 
× 22 mm) on both sides of a microscope slide (25 × 75 mm) using nail polish. Selected 
embryos for imaging were transferred to the centre of the chamber in 50% glycerol/PBS and 
oriented to a desired position using a needle. A 22 × 60 mm cover slip with a small drop of 
50% glycerol/PBS was placed onto the embryo. The orientation of the embryo can be further 
adjusted by gently moving the cover slip. The images were taken using Axioskop Mot Plus 
(Carl Zeiss) with 5× lens (N.A 0.16), 10× lens (N.A. 0.3) and 20× lens (N.A 0.5).  
 
  




2.4 Functional studies 
2.4.1 Zebrafish maintenance and breeding 
 
All experiments were carried out according to the institutional animal care and use 
guidelines, using standard procedures. The transgenic line used in this study was 
Tg(ef1α:dclk-GFP), which expressed microtubule marker containing two doublecortin 
domains (microtubule-binding domain) of zebrafish dclk1 fused to gfp, under the control of 
the Xenopus ef1α promoter (Tran et al, 2012). The fish were maintained in a closed 
circulatory system (Aquatic Habitat).  
The 2-tank breeding method was used for zebrafish breeding. The inner breeding tank 
with mesh bottom was placed in an outer embryo collection tank. Adult male and female 
zebrafish at 1:1 ratio were segregated by a plastic divider and placed in the inner mesh tank 
the evening before spawning. The next morning, upon removal of the divider, the fish were 
triggered to spawn. The embryos were staged based on standard criteria (Kimmel et al, 1995). 
The embryos were raised in egg water (10% NaCl, 0.3% KCl, 0.4% CaCl2, 1.63% 
MgSO4.7H2), 0.01% methylene blue).  
2.4.2 5’-capped RNA synthesis 
 
 To synthesize sense 5’-capped RNA, the target gene cloned into a PCS2+ vector 
backbone was linearized at the 3’ end of the insert with appropriate restriction enzyme and 
reaction buffer at 37 °C for 2 hours. The linearized plasmid was purified using the QIAquick 
Gel Extraction Kit (Qiagen) after agarose gel electrophoresis. 5’-capped RNA was 
synthesized using the mMessage Machine SP6 or T7 kit (Ambion). The reaction mixture was 
incubated at 37 °C for 2 hours. The reaction mixture is shown in Table 2.11. 
 
 




Table 2.11 5’-capped RNA synthesis  
Components Volume (μl) 
Linearized plasmid DNA template (1 µg) Variable 
10 × Reaction buffer 2 
2 × NTP/ CAP 10 
Enzyme mix 2 
Nuclease free water Variable 
Total volume 20 
 
Next, the reaction was incubated with 1 µl of RNase-free DNase I for 15 minutes at 
37 °C. The RNA was recovered and purified by Lithium chloride precipitation method. 30 µl 
of LiCl precipitation solution (Ambion) was added into the reaction and chilled at -20 °C for 
30 minutes, followed by centrifugation at maximum speed for 15 minutes at 4 °C. The pellet 
was rinsed with 1 ml chilled ethanol and centrifuged at maximum speed for 5 minutes. The 
pellet was re-suspended in Nuclease free water (Ambion) and stored in -80 °C.  
2.4.3 Morpholino oligo 
 Morpholino oligo (MO) (GeneTools) was utilised to knockdown endogenous 
zebrafish Hurp protein levels. A 5’ UTR targeting MO was designed to block Hurp 
translation in vivo, and one corresponding 5-base mismatch MO was designed as negative 
control. The MO sequences are shown in Table 2.12. The MOs were re-suspended in sterile 
distilled water for microinjection.  
 
 




Table 2.12 List of MOs  
MOs MO sequence 
hurp MO 5’ UTR GTGTGTTTCCAGGAGTCCAAAAAAC 
hurp MO 5-base mismatch GTcTGTTTCgAGcAGTCgAAAtAAC 
 
2.4.4 Zebrafish embryo microinjection 
 The 5’-capped RNAs and/or MOs were introduced into zebrafish embryos by 
microinjection at the 1-cell stage using a WPI’s microprocessor-controlled Nanoliter 2000 
(World Precision Instruments). The microinjection needles (Glass Replacement, 3.5 nanoltr, 
World Precision Instruments) were prepared using Sutter Micropipette Puller P-97 (Sutter 
Instruments). The amount of MO and RNA injected are shown in Table 2.13.  
Table 2.13 The injection amount of MOs and RNAs 
MOs/RNAs Injection amount 
hurp MO 5’ UTR 10 ng 
hurp MO 5-base mismatch 10 ng 
hurp RNA 50-200 pg 
hurp-gfp RNA 50-200 pg 
gfp/mCherry-h2b RNA 50 pg 








2.5 Protein analysis 
2.5.1 Protein extraction 
 Embryos at early gastrula stage were pooled (~50-100 embryos), dechorionated and 
deyolked in deyolking buffer (55 mM NaCl; 1.8 mM KCl; 1.25 mM NaHCO3; 2.7 mM CaCl2) 
by pipetting up and down gently. The dissociated cells were collected by centrifugation at 
500 g for 5 minutes and the supernatant was discarded. The cells were lysed in T-PER® 
Tissue Protein Extraction Reagent (Pierce) (1 µl per embryo) supplemented with proteinase 
inhibitors (7 μg/ml pepstatin, 0.5 μg/ml leupeptin) and phosphatase inhibitors (1 mM 
Na3VO4).  The embryos were homogenised with a hand-held homogenizer (Sigma) and the 
homogenate was centrifuged at maximum speed for 15 minutes at 4 °C. The supernatant 
containing the total protein lysate was collected. The protein concentration was determined 
by Bio-Rad Protein Assay (Bio-Rad) against a standard curve (1 µg/µl -10 µg/µl BSA) on a 
spectrophotometer at OD 595 nm.  2 × SDS loading dye was then added into the supernatant 
and heated at 95 °C for 15 minutes.  
2.5.2 SDS-PAGE gel electrophoresis 
 
Polyacrylamide gels were casted with 0.75 mm spacers (Bio-Rad). The resolving gel 
contained 8% acrylamide (Bio-Rad), 0.5% NN’-methylenebisacrylamide, 0.375 mM Tris-
HCl pH 8.8, 0.1% SDS, 0.0075% APS and 0.05% TEMED. The stacking gel contained 4% 
acrylamide, 0.5% NN’-methylenebisacrylamide, 0.125 mM Tris-HCl pH 6.8, 0.1% SDS, 
0.0075% APS and 0.05% TEMED. Gel electrophoresis was performed using the Mini-
PROTEAN II Electrophoresis System (Bio-Rad) at room temperature in SDS-running buffer 
(25 mM Tris, 192 mM glycine and 0.75% SDS).  
  




2.5.3 Western blotting 
 
The proteins separated on polyacrylamide gels after gel electrophoresis were 
transferred onto polyvinylidene difluoride membrane filters (PVDF) membrane (Pall 
Corporation) using the Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) in transfer 
buffer (33.7 mM Tris, 256 mM glycine, 20% methanol and 0.01% SDS) at 100 volt for 90 
minutes at 4 °C. The PVDF membranes were incubated in blocking buffer, 5% low fat milk 
diluted in TBST (25 mM Tris-HCl pH 7.4; 137 mM NaCl; 0.05% Tween-20) for 1 hour. 
After blocking, the membranes were washed with TBST for 3 times and incubated with 
primary antibodies diluted in TBST at room temperature for 1 hour or at 4 °C overnight. 
Following primary antibody incubation, the membranes were washed with TBST for 3 times 
and incubated with secondary antibody diluted in TBST for 1 hour at room temperature. 
After 5 times of washing with TBST, the proteins on the membranes were detected with ECL 
kit (Pierce). The list of primary and secondary antibodies used in this study is shown in Table 
2.14. 
 
Table 2.14 List of antibodies   
Antibodies   
1° Antibodies 1. Custom polyclonal anti-zebrafish Hurp (antigen 378-393) (Abnova) 
 2. Monoclonal anti-α-tubulin (T5168) (Sigma-Aldrich) 
 3. Monoclonal anti-GAPDH (sc-47724) (Santa Cruz Biotechnology) 
2° Antibodies 1. HRP-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology) 
 2. HRP-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology) 
 




2.6 Whole-mount immunostaining 
2.6.1 Fixation and antibody incubation 
 
For whole-mount immunostaining of α-tubulin, zebrafish embryos at early gastrula 
stage were fixed overnight in formaldehyde-glutaraldehyde fixation mixture (3.7% 
formaldehyde; 0.25% glutaraldehyde; 0.2% Triton X-100 in PBS). The embryos were then 
washed with PBS + 0.1% Triton X-100, manually dechorionated and permeabilized in 
methanol overnight at -20 °C. The embryos were rehydrated in a methanol:PBS series, and 
treated with 0.5 mg/ml sodium borohydrate for 4 hours to inactivate the remaining 
glutaraldehyde. After blocking in PBS with 1% BSA, 0.1% Triton X-100 for 1 hour at room 
temperature, a monoclonal antibody against α-tubulin (Table 2.14) at 1:1000 dilution in the 
blocking solution was used to label microtubules overnight at 4 °C. The embryos were 
washed 3 times and the primary antibody was detected using Alexa Fluor dye-conjugated 
goat anti-mouse IgG (Molecular Probes) at 1:500 dilution in PBS + 0.1% Triton X-100 
followed by washing in PBS + 0.1% Triton X-100. 
For F-actin labelling, zebrafish blastula or gastrula of the desired stages of 
development were fixed overnight in 4% paraformadehyde at 4 °C and washed in PBS + 0.1% 
Triton X-100 and manually dechorionated. The embryos were then washed with 0.1% Triton, 
1% DMSO in PBS, and incubated in blocking solution (10% BSA, 1% DMSO, 0.1% Triton 
in PBS). The embryos were then incubated overnight at 4 °C in blocking solution containing 
1:1000 fluorescence-labelled phalloidin (Invitrogen) and washed in 0.1% Triton X-100 in 
PBS.  
For anti-phosphohistone H3 (pH3) labelling, zebrafish blastula or gastrula of the 
desired stages of development were fixed, dechorionated manually, and incubated in blocking 
buffer according to the F-actin labelling procedures above. The embryos were incubated in 
anti-pH3 antibody (#06-570) (Millipore) at 1:1000 overnight at 4 °C in blocking buffer. The 




embryos were washed 3 times and the primary antibody was detected using Alexa Fluor dye-
conjugated goat anti-mouse IgG (Molecular Probes) at 1:500 dilution in PBS with 0.1% 
Triton X-100 followed by washing in PBS + 0.1% Triton X-100.  
To label chromosomes, embryos were incubated in 1:1000 Hoechst 33342 (Invitrogen) 
diluted in 0.1% Triton X-100 in PBS for 10 minutes at room temperature followed by 
washing in PBS + 0.1% Triton X-100.  
2.6.2 Image acquisition 
 
 Fluorescence-labelled embryos were embedded in 2% methylcellulose or 0.8% low-
melting agarose on a glass coverslip No. 1.5 with the thickness of 170 µm +/- 10 µm (ibidi) 
for image acquisition using confocal fluorescence microscopy. Images were acquired using 
Zeiss LSM510 Meta laser confocal microscope at 20× with Zeiss LD Plan-Neofluar 20×/0.4 
Corr with DIC sliders and 40× with Zeiss EC Plan-Neofluar 40×/0.75 with DIC sliders, with 
a Argon multi-line gas laser (458, 477, 488, 514 nm, 30 mW), Helium Neon (HeNe) gas laser 
(543 nm, 1.2 mW) and a Diode laser (405 nm, 30.0 mW) (Carl Zeiss). The detectors of Zeiss 
LSM510 Meta include two Photomultiplier tubes (PMT), one META detector and one PMT 
for DIC. A stack of images was collected along the Z-axis (Z-stack) and merged using 
maximum intensity projection. 
2.7 Live embryo imaging 
 Uninjected embryos and embryos injected with the desired MOs and/or RNAs were 
collected at the desired developmental stages and dechorionated in 1 mg/ml Pronase in egg 
water and embedded according to the desired orientation in 2% methylcellulose or 0.8% low 
melting agarose on a glass coverslip No. 1.5 with the thickness of 170 µm +/- 10 µm (ibidi) 
for live or time-lapse image acquisition. Live embryos for still images were acquired using 
widefield Axiovert 200 M (Carl Zeiss) using 5× lens (N.A. 0.15), 10× lens (N.A. 0.3) and 




20× lens (N.A. 0.4).  
Alternatively, still images of live embryos and/or time-lapse images were acquired 
using Ultraview Vox spinning disk confocal system (PerkinElmer) which consists of a 
Yokogawa CSU-X1 spinning disk head (scanning speed 1,500 - 5,000 rpm) controlled by 
Volocity® Acquisition (Improvision). The laser module includes a solid state diode laser 
with Diode module (405 nm, 50 mW; 445 nm, 40 mW; 640 nm, 40 mW) and a solid state 
diode laser with DPSS module (488 nm, 50 mW; 514 nm, 25 mW; 561 nm, 50 mW). The 
detectors consist of a Hamamatsu EM CCD camera C9100-50 and a Hamamatsu EM CCD 
camera C9100-13. 
 For Hurp-GFP localization studies, the images were collected using Ultraview Vox 
spinning disk confocal system (PerkinElmer) with an Olympus UPLSAPO 60×/1.20 Water 
lens and an Olympus UPlan SApo 100×/1.4 oil lens.  
 For DIC imaging of the lateral mesodermal and ectodermal cells of wild type or hurp 
MO injected embryos, the time-lapse images were collected using Ultraview Vox spinning 
disk confocal system (PerkinElmer) with an Olympus UPlanSApo 20×/0.60 Air at ~28.5 °C. 
For wild type or hurp MO injected embryos expressing GFP-H2B, and dclk-GFP 
embryos (control or hurp MO injected) expressing mCherry-H2B at late gastrula stage, the 
time-lapse images of the paraxial epiblast cells were collected using Ultraview Vox spinning 
disk confocal system (PerkinElmer) with an Olympus UAPO N 340 40×/1.15 Water lens at 
~28.5 °C.  
For all time-lapse images, the z-stacks were acquired with step sizes of 1 µm at 30 
second intervals. The time-lapse images were taken at the beginning of tailbud stage for ~1 
hour.    




2.8 Cell transplantation analysis 
2.8.1 Preparation of lineage marker and microinjection pipettes 
The standard dye for fate mapping, tetramethyl-rhodamine dextran, 10,000 MW 
(Molecular Probes) was diluted in sterile distilled water to make a 5% solution. The 
micropipettes were made from thin-walled borosillicate capillary tubing, with the rapid fill 
glass fiber (Sutter Glass). The micropipettes were prepared using Sutter Micropipette Puller 
P-97 (Sutter Instruments) to obtain a rather steep taper and a very sharp tip on the injection 
pipettes. The tips were broken off at an angle using a hand-held razor blade. The capillary 
glass which contains an internal filament cannot be used because the filament may destroy 
cells during the transplantation procedure. The diameter of the tip for late blastula 
transplantation is ~50 µm.  
2.8.2 Preparation of embryos 
To determine the cell-autonomy of Hurp function during gastrulation, donor embryos 
were injected with 0.5% rhodamine-dextran, 10,000 MW (Molecular Probes) alone or 
together with hurp MO while host embryos were injected with mgfp RNA alone or together 
with hurp MO at one-cell stage. The embryos were collected at early blastula stage and 
dechorionated in 1 mg/ml Pronase in 30% Danieau’s buffer (100% Danieau’s buffer: 58 mM 
NaCl; 0.7 mM KCl; 0.4 mM MgSO4; 0.6 mM CaCl2; 5 mM Hepes, pH 7.6). The 
dechorionated embryos for subsequent experimental steps were maintained in Danieau’s 
buffer supplemented with antibiotics, 1% Penicillin and Streptomycin solution (10,000 U/ml 
Penicillin and 10,000 µg/ml Streptomycin) (Gibco). The dechorionated embryos were 
transferred between dishes using a wide-bore fire-polished glass pipette, and maintained in 
agar coated plastic dishes (1.5% agarose in Pen/Strep supplemented Danieau’s buffer). The 
donor and host embryos were stage-matched closely before transplantation process.  




2.8.3 Blastula stage cell transplantation  
The apparatus used for cell transplantation into the zebrafish blastula consists of a 
micrometer drive-controlled manual syringe attached by a three-way valve to a reservoir of 
mineral oil and to a micropipette holder through a length of flexible tubing (Sutter 
Instrument). After assembling the transplantation rig, it was filled with mineral oil, avoiding 
air bubbles in the system. The presence of air bubbles will negatively affect the control of the 
suction and pressure. Blastula stage embryos ready for transplantation were loaded 
individually into each well with a fire-polished glass pipette on triangular-divot shaped 
troughs made with a plastic mould in 1.5% agarose in Pen/Strep Danieau’s buffer. Donor 
embryos were placed on one column and the host embryos were placed on the adjacent 
column and carefully oriented to a desired orientation prior to transplantation using a hairloop.  
Using the micromanipulator, the transplantation needle was lowered into the dish at a 
~45° angle. The donor cells were drawn slowly and carefully from the blastula cap into the 
needle. The pressure was reversed slightly to stop the suction and the needle removed from 
the embryo. Approximately 30-50 cells were extracted from donor embryos at sphere stage 
and inserted close to the margin of dome stage hosts. The cells were expelled with gentle 
pressure and the micropipette withdrawn gently from the host embryos.  
The position of the cells along the animal-vegetal axis influences their contribution to 
one of the three germ layers, endoderm, mesoderm, and ectoderm. Accordingly, cells 
transplanted close to the margin prior to the beginning of gastrulation give rise preferentially 
to endoderm and mesoderm, while cells transplanted toward the animal pole contributes to 
ectodermal fates. The donor-host pairs were transferred to agar coated wells of a 24-well 
plate for further development. At tailbud stage, the embryos were mounted in 2% 
methylcellulose and imaged using Zeiss LSM510 Meta laser confocal microscope (Carl Zeiss) 




as described above.  
2.9 Image processing and analysis 
2.9.1 Mitotic index analysis 
Uninjected control or hurp MO injected embryos were fixed with 4% PFA at sphere 
stage and 50% epiboly and immunostained with anti-pH3 antibody as described above to 
identify proliferating cells at M-phase. Hoechst 33342 was used to label chromosomes of all 
cells. Labelled embryos were mounted in 2% methylcellulose and imaged using Zeiss 
LSM510 Meta laser confocal microscope (Carl Zeiss) as described above. A series of 
confocal z-section images were obtained from the animal pole. The mitotic index was 
determined as the percentage of pH3-positive cells relative to total cell counts within a field 
in a single section. The images were analysed using ImageJ and data were exported to Excel 
(Microsoft) where the mitotic index was determined.  
2.9.2 Cell division duration 
Time-lapse movies of wild type embryos expressing fluorescence-tagged H2B were 
acquired as described above. For 50% epiboly embryos, deep cell nuclei were analysed while 
nuclei within the paraxial epiblast layer were analysed for tailbud embryos. The time-lapse 
movies were analysed for cell division durations using Volocity® Quantitation (Improvision) 
and data were exported to Excel (Microsoft). The progressive stages of mitosis were 
identified by changes in chromatin arrangement in cells expressing fluorescence-tagged H2B. 
Prophase is characterized by the onset of chromatin condensation, prometaphase where the 
condensed chromatin begin to move and align at the metaphase plate, metaphase where the 
chromosomes are well aligned at the metaphase plate, anaphase where the chromosomes 
separate and begin to move to the opposite poles of the daughter cells and telophase where 
the chromosomes arrive at the opposite poles of the daughter cells. The division durations 




were monitored and tracked from prophase to telophase stage.  
2.9.3 Cell division angle  
 Time-lapse movies of wild type or transgenic embryos expressing fluorescence-
tagged H2B were acquired as described above. The time-lapse movies were analysed for the 
orientation of cell division using Volocity® Quantitation (Improvision) and data were 
exported to Excel (Microsoft). The progressive stages of mitosis were identified by changes 
in chromatin arrangement in cells expressing fluorescence-tagged H2B and mitotic spindle 
arrangement in dclk-GFP transgenic embryos. A line was drawn between the two daughter 
nuclei or spindle poles at telophase stage and the angle between this line and the animal-
vegetal axis was determined. The angle measurement was broken down into two planar 
projections, one in the epiblast plane (xy division angle) and one in the plane perpendicular to 
it (yz division angle). The divisions of planar components parallel to the animal-vegetal axis 
was represented by 0° and the divisions of planar components orthogonal to the animal-
vegetal axis was represented by 90°. The nuclei within the paraxial epiblast layer, ~100 µm
2 
region of 50-150 µm relative to the dorsal midline of tailbud stage embryos were used for 
analysis.   
2.9.4 Cell shape and cell migration  
 The DIC time-lapse images of wild type and hurp MO injected embryos and 
fluorescent images of transplanted gastrulae were collected as described above. The images 
were analysed using Volocity® Quantitation (Improvision) or LSM Image Browser and data 
were exported to Excel (Microsoft) where cell length, width and migration speed were 
determined (Topczewski et al, 2001). The length of the lateral mesodermal or ectodermal 
cells was defined as the longest cellular axis while the width defined as the axis perpendicular 
to the longest cellular axis. The migration of individual lateral mesodermal and ectodermal 
cells was tracked manually every 2.5 minutes.  The ectodermal and mesodermal cells within 




the lateral region, 75° away from the dorsal midline were used for analysis.  
2.10 Statistical analysis 
 The data were presented as the mean ± SEM/SD. SEM was calculated as (standard 
deviation/√sample size. Statistical analyses were performed using unpaired t-test with 
unequal variance.  
2.11 Summary of the materials used in this study 
  
Table 2.15 Summary of the materials used  




PCS2+ Hurp  
The template for DIG-labelled 
RNA probe synthesis and 5’-
capped RNA synthesis  
peGFP-c1 Hurp 









The plasmids for transfection into 
HeLa cells 
PCS2+ eGFP- Hurp278 
RNA probes 
hurp 
DIG-labelled RNA probes for 













hurp MO 5’ UTR (GeneTools) 
For microinjection to knockdown 
Hurp protein levels in zebrafish 
embryos 
hurp MO 5-base mismatch 
(GeneTools) 
The negative control of hurp MO 
5’ UTR  
5’-capped RNAs 
gfp/mCherry-h2b 
For microinjection to label 
chromosomes in zebrafish 
embryos 
egfp-hurp 
For microinjection to label Hurp 
in zebrafish embryos 
hurp-gfp 
mgfp 
For microinjection to label 
cellular membrane in zebrafish 
embryos 
1˚ Antibodies 
Custom polyclonal anti-zebrafish 
Hurp (antigen 378-393) (Abnova) 
For Western blot analysis of 
endogenous Hurp protein levels 
Monoclonal anti-α-tubulin 
(T5168) (Sigma-Aldrich) 
For Western blot analysis and 
whole-mount immunostaining to 
label microtubules 
Monoclonal anti-GAPDH (sc-
47724) (Santa Cruz 
Biotechnology) 
For Western blot analysis 
Polyclonal anti-pH3 (#06-570) 
(Millipore) 
For whole-mount immunostaining 
to label proliferating cells at M-
phase in zebrafish embryos 
2˚ Antibodies 
HRP-conjugated goat anti-rabbit 
IgG (Santa Cruz Biotechnology) 
For Western blot analysis 
HRP-conjugated goat anti-mouse 
IgG (Santa Cruz Biotechnology) 
For Western blot analysis 
Alexa Fluor dye-conjugated goat 
anti-mouse IgG (Molecular 
Probes) 
For whole-mount immunostaining 
Labelling dyes and 
molecules 
Phalloidin (Invitrogen) 
For whole-mount labelling to 
label F-actin in zebrafish embryos 
Hoechst 33342 (Invitrogen) 
For whole-mount labelling to 
label chromosomes in zebrafish 
embryos 
Tetramethyl-rhodamine dextran, 
10,000 MW (Molecular Probes) 
For microinjection to label donor 
cells for cell transplantation 
analysis in zebrafish embryos 




Chapter 3 Results 
3.1 The role of Hurp in convergence and extension (C&E) in zebrafish gastrulation  
3.1.1 Isolation of the full length cDNA sequence of zebrafish hurp  
 
 To study the function of Hurp in the early development of vertebrates, we identified 
zebrafish hurp gene using BLAST search in the NCBI database and cloned hurp from 
zebrafish. The coding sequence of zebrafish hurp contains a 2727 bp open reading frame 
which encodes a 909 amino acids protein with a predicted molar mass of 99 kDa (Figure 
3.1A-C). Zebrafish Hurp shares sequence homology with the guanylate kinase associated 
protein (GKAP) family which contains a GKAP homology domain in the C-terminal (Figure 
3.1A and B).  
Amino acid sequence analysis showed that zebrafish Hurp contains several putative 
functional domains that are conserved between human HURP, mouse Hurp and Drosophila 
Mars. These include two destruction-boxes (D-box) and one KEN box which overlaps with 
the first D-box, a coiled-coil motif and the GKAP domain (Figure 3.1A and B). An overall 
sequence comparison between zebrafish Hurp and its homologs showed 34% identity and 49% 
similarity with human HURP, 36% identity and 53% similarity with mouse Hurp and 19.7% 
identity and 29.9% similarity with Drosophila Mars.  
The importin β (Impβ) binding domain (Song & Rape, 2010), microtubule binding 
domain (MT) (Wong et al, 2008) and N-terminal binding domain (N-binding) (Wong et al, 
2008) had been identified and characterized in human HURP. Amino acid sequence 
alignment showed that the importin  binding domain and the microtubule binding domain of 
zebrafish Hurp share approximately 61% and 64% similarity with human HURP (Figure 
3.1C). The N-terminal binding domain of zebrafish Hurp and human HURP showed 
relatively low similarity. 




Phylogenetic tree analysis showed that zebrafish Hurp is related to human HURP and 
Dlgap5 of other vertebrate species and share sequence homology in its GKAP-5 domain 
(Figure 3.1D). This subfamily of GKAP-5 containing proteins known as Dlgap5 is distinct 
from other subfamilies such as Dlgap1, Dlgap2, Dlgap3 and Dlgap4 of human and zebrafish 
origin (Figure 3.1D). The Dlgap2 and Dlgap4 of zebrafish origin were omitted from the 
phylogenetic tree analysis because the dlgap2 and dlgap4 open reading frames are yet to be 






























HUMAN_HURP           MSSSHFASRHRKDISTEMIRTKIAHRKS---LSQKENRHKEYERNRHFGLKDVNIPT--- 54 
MOUSE_Hurp           MLVSRFASRFRKDSSTEMVRTNLAHRKS---LSQKENRHRVYERNRHFGLKDVNIP---- 53 
ZEBRAFISH_Hurp       -MESRFAHLYKRDSSTSMIRLKMSRRRS---QSQKENREKIQNMRRHLDR---------- 46 
Drosophila_Mars      --MQRHKELYKEQSLVLSPRNHCQENRDRLQAARAKKREDCFYQNRIISVSPTPVKIKQL 58 
                        .:.   .:.:  .   * :  ..:.    :: ::*.     .* :.            
 
HUMAN_HURP           -LEGRILVELDETSQGLVPEKTNVKPRAMKTILG---DQRKQMLQKYKEEKQLQKLKEQR 110 
MOUSE_Hurp           -LEGRELGNIHETSQDLSPEKASSKTRSVKMVLS---DQRKQLLQKYKEEKQLQKLKEQR 109 
ZEBRAFISH_Hurp       -LPEIDLSMDTSTLMATQDKAPKTKTASDSSDAA---EERKKMLARYKENKILQKEKEKR 102 
Drosophila_Mars      AAAQAALTQENVAPKLESPERLDTKPAELLKESNPKVSRQKLYLQRYMEWKIAKTKEHKQ 118 
                           *     :      :  . *.           ..:*  * :* * *  :. :.:: 
 
HUMAN_HURP           EKAKRG-------IFKVGRYRPDMPCFLLSN--QNAVKAEPKKAIPSSVRITRSKAKDQ- 160 
MOUSE_Hurp           EKAKRG-------VFKVGLYRPAAPGFLVTD--QRGAKAEPEKAFPHTGRITRSKTKEY- 159 
ZEBRAFISH_Hurp       EKEKKG-------VFKVGLYKPQPLGYLPSN--TAAPGRAKATEMNQSTRITRSMVQNQK 153 
Drosophila_Mars      QDQKRRGAAINVPTVKQSKALPKSQTFRVPDNLASAKQKEAAPMFQPPKRCSLYMIANPT 178 
                     :. *:         .* .   *    :  .:    .        :  . * :     :   
 
HUMAN_HURP           --MEQTKIDNESDVRAIRPGPRQTSEKKVSD------KEKKVVQPVMPTSLRMTR-SATQ 211 
MOUSE_Hurp           --MEQTKIGSRNVPKATQSDQRQTSEKQPLD------RERKVMQPVLFTSGKGTESAATQ 211 
ZEBRAFISH_Hurp       LAVERHAVPKKVETLSTARAPAKDNRKPLTS------TKTRATTAEPPVRAQTTRSAAKT 207 
Drosophila_Mars      GKGKAAEPIKPSIPKPTSAAAPPSSNTVAASSALARHKSAASATKIVPAIRQNNNPVALA 238 
                        :     .     .        ...   .       .         .  : ..  *   
 
HUMAN_HURP           AAKQVPRTVSSTTARKPVTRAA--NENEPEGKVPSKGRPAKNVETKPDKGISCKVDSEEN 269 
MOUSE_Hurp           RAKLMARTVSSTT-RKPVTRAT--NEKGSERMRPSGGRPAKKPEGKPDKVIPSKVERDEK 268 
ZEBRAFISH_Hurp       APDAVVKPVADTR--GPKTRSA--VKYP---AAPSSGR---------GKVIQGNMKANVE 251 
Drosophila_Mars      RQKAAARPIPNTTKQTTSVRQPGIEAKKITTTIPRPTPATVTKAKTPGIRQQPPVVSTKP 298 
                       .   :.:..*    . .* .           *             .      :      
 
HUMAN_HURP           TLNSQTNATSGMNPDGVLSKMENLPEINTAKIKGKNSFAPKDFMFQPLDGLKTYQVTPMT 329 
MOUSE_Hurp           HLDSQTRETSEMGLLGVFREVESLPATAPAQGKERKSFAPKHCVFQPPCGLKSYQVAPLS 328 
ZEBRAFISH_Hurp       NKPAEIKDT----------AVDKVEEPKAAP----ASFAPQGFVFQPPVGLRSFEPVPLS 297 
Drosophila_Mars      RLPEPPAPRTARLPNVLSKPFEKPLGNKAPVTRRANVVKPQPIRGGGGAAAKFKDTAGAT 358 
                                         .:.     ..       . *:        . :  : .  : 
 
HUMAN_HURP           PRSANAFLTPSYTWTPLKTEVDES------QATKEILAQKCKTYSTKTIQQDSNKLPCPL 383 
MOUSE_Hurp           PRSANAFLTPNCDWNQLR---------------PEVFSTTTQDKANEILVQQG------L 367 
ZEBRAFISH_Hurp       PSSANAFLSPSFN--------------------SEVSMEPAFPSPPKPVVSFSS----PP 333 
Drosophila_Mars      SKAASHSIRMKATKIKSQYTRLQDNVRKLPQLKAELLHAATLDIPPLTPLDDIHNPFIDQ 418 
                     . :*.  :  .                       *:        .     .          
 
HUMAN_HURP           GPLTVWHEEHVLNK-NEATTKNLNGLPIKEVPSLERNEGRIAQPHHGVPYFRNILQSETE 442 
MOUSE_Hurp           ESLTDRSKEHVLNQ-KGASTSDSNHASVKGVPCSEGSEGQTSQPPHDVPYFRKILQSETD 426 
ZEBRAFISH_Hurp       PSVSAYMPDHPISPPSVSSPLQAQSFPQPSTDAAPSPSSAPMEPQHDVAYFRAAMASETE 393 
Drosophila_Mars      ATSTQCKSNNSSGHLLEAFGDTILLSPVAPVKAEGESSVKRQLLPEGKKEASGPVAKKKF 478 
                      . :    ::  .    :        .   . .    .       ..       : .:.  
 
HUMAN_HURP           KLTSHCFEWDRKLELD-IPDDAKDLIRTAVGQTRLLMK--------ERFKQFEGLVDDCE 493 
MOUSE_Hurp           RLTSHCLEWEGKLDLD-ISDEAKGLIRTTVGQTRLLIK--------ERFRQFEGLVDNCE 477 
ZEBRAFISH_Hurp       RLTGLSELWESRFDDASIPEEMRDRMRTAVGQARLLMK--------ERFGQFNGLVDDCD 445 
Drosophila_Mars      DFTRYSVANS-PAEDSLILDPQQTTVKEDTGDSTLVPEGTKTPPRRESNGMPNYLSPFVS 537 
                      :*  .   .   :   * :  :  ::  .*:: *: :        *     : *    . 
 
HUMAN_HURP           YKRGIKETTCTDLDG--FWDMVSFQIEDVIHKFNNLIKLEESGWQVNNNMNHNMNKNVFR 551 
MOUSE_Hurp           YKRGEKETTCTDLDG--FWDMVSFQVDDVNQKFNNLIKLEASGWKDSNNP----SKKVLR 531 
ZEBRAFISH_Hurp       FKRGEKITTCTDLQG--FWDMVYFQVEDVNKKFSALKEAEARDWKEEVKP----VTKKRV 499 
Drosophila_Mars      VSRGKVNSRCEKEKRNSFYLSNEESPLEVRRAIESVLYFRLQLENEITRLQALCAEWEAY 597 
                      .**   : * . .   *:     .  :* : :. :   .    :   .            
 
HUMAN_HURP           KKVVSGIASKPK-QDDAGRIAARNRLAAIKNAMRER--IRQEECAET-------AVSVIP 601 
MOUSE_Hurp           KKIVPGRTSKAK-QDDDGRAAARSRLAAIKNAMKGR--PQQEVQAHA-------AAPETT 581 
ZEBRAFISH_Hurp       VKKPPVVAGKAA-AGGGGNAAAKSRLAAIKAAMKAK--QAEQKATETSDKPQEDSSSVSV 556 
Drosophila_Mars      SKENEARLQETGGIDMINVTIGQTRLLTTKKMMQFSGLIDRCEAGATGKNSQPNDGSEDS 657 













HUMAN_HURP           KEVDKIVFDAGFFRVESPVKLFSGLSVSSEGPSQR------------------------- 636 
MOUSE_Hurp           KEVDKIVFDAGFFRIESPVKSFS--VLSSERRSQR------------------------- 614 
ZEBRAFISH_Hurp       APVQSVVFHGGFFQVESPVKTPAAVRRSCRGVVSSPSVTKFSTPVRQCRSTAISSASPLP 616 
Drosophila_Mars      KPVQAEDLEGWWDMLRLQSENVDKRFDNLKRWKAN------------------------- 692 
                       *:   :.. :  :.   :       . .                               
 
HUMAN_HURP           ----------------LGTPKSVNKAVSQSRNEMGIPQQTTSPENAGPQNTKSEHVKKTL 680 
MOUSE_Hurp           ----------------FGTPLSASKVVPEGRAAGDLLRQKMPLKKPDPQSSKSEHVDRT- 657 
ZEBRAFISH_Hurp       CMSTTPPRPLQPEVLPICTPLRSAEPLPESPRAPQMTPDHMQAPHTDLCSNSQPQFDSSS 676 
Drosophila_Mars      ---------------DWLDPDAVAEEPKQPKPKPKISRNMKIKSKAKPSSNLQQFLRKAH 737 
                                        *    :   :      :  :     :.   .. .  .  :  
 
HUMAN_HURP           ---FLSIPESRSSIEDAQCPGL---------------------PDLIEENHVVNKTDLKV 716 
MOUSE_Hurp           ---FSDGLESRCHVEDTPCPGE---------------------QDSSDIEHDVNKINVKM 693 
ZEBRAFISH_Hurp       TCTQQTQPDFRNEAENSPAGQSESPVECSEAQIEDCIPESMLSPSTQAEDNVVSEESLHV 736 
Drosophila_Mars      ANMKKTKVEEPTLEDGLPATSS-----------------------RHSSPRVIVVRNRRS 774 
                             :     :.  .                               . :   . :  
 
HUMAN_HURP           DCLSSERMSLPLLAGGVADDINTNKKEGISDVVEGMELNSSITSQDVLMSSPEKNTASQN 776 
MOUSE_Hurp           DCFSVETN-LPLPAG----DANTNQKEAISAVEG---ASTAVTSQDLLMSNPETNTSSQS 745 
ZEBRAFISH_Hurp       SAGVDALSQCSFHEAEPSVCAPASPAMMPSTPTKDLNASSALSNELVLSACSSSPTSADV 796 
Drosophila_Mars      FSPARTVLRMSTGEGRQSIAPNALLKSAILAAAEQNAAKTPPPKPRTSILKTPGTTKRQN 834 
                      .        .   .       :               .:. ..       .   *  :  
 
HUMAN_HURP           SILEEGETKISQ------------SELFDNKSLTTECHLLDSVGSCYVARAGLEVLGSSD 824 
MOUSE_Hurp           NTSQE-EAEASQ------------SVLLH-KSLTSECHLLEPPGLSCTSPCTREETRQPD 791 
ZEBRAFISH_Hurp       EMTGPQDAEGATGLDFERYLLPSVRDVSPEQSLAADRFSLGVMDAEMESPVSQPGESPVD 856 
Drosophila_Mars      RGVLFSAKKSVRRFQFTYEEGNISNDETVGADKLEDCEEDMSLEASTESGSLEQNPGRDS 894 
                             :                      .   :            :          . 
 
HUMAN_HURP           PTTSASRVAGTTARSKLQ----------------------------------- 842 
MOUSE_Hurp           RSRQFSFGGDLILFSPL------------------------------------ 808 
ZEBRAFISH_Hurp       VLASPTAVPRMVFSHRISQMPPSLLLFTPEQRERVRQSVCERDLMTFTPPTSK 909 
Drosophila_Mars      NQENEATPRTYTLRNRRVNLRPSSEFM-------------------------- 921 
                        . :                                                
  






Figure 3.1 Amino acid sequence analysis for HURP in different model organisms.  
(A) Alignment of human HURP (NP_055565.3), mouse Hurp (NP_653136.2), zebrafish 
Hurp (NP_001004592.1), and Drosophila Mars (NP_610878.1) amino acid sequences. 
Identical residues are denoted by “*”; conserved substitutions are denoted by “:” and semi-
conserved substitutions are denoted by “.”. The putative functional domains are highlighted 
and indicated. (B) Conserved putative domains are indicated and numbers indicate the 
percentage similarity of the domains in comparison to zebrafish Hurp. (C) The functional 
domains characterized in human HURP are indicated and numbers indicate the percentage 
similarity of the domains in zebrafish Hurp in comparison to human HURP.  (D) A 
phylogenetic tree of GKAP family proteins for zebrafish and other species generated from 
Clustal Omega multiple sequence alignment. Numbers on the right indicate branch length.  




3.1.2 Expression of hurp mRNA in zebrafish embryos and adult tissues  
 
 The spatial and temporal expression of hurp mRNA transcripts in zebrafish embryos 
were studied by whole-mount in situ hybridization and semi-quantitative RT-PCR. The 
results of whole-mount in situ hybridization showed that hurp transcripts were maternally 
deposited (Figure 3.2A). During early and late gastrula stages, hurp transcripts were present 
ubiquitously throughout the embryos (Figure 3.2B and C). By 24 hpf, hurp expression 
became restricted to the brain and the proliferative regions which consist of rapidly dividing 
cells (Figure 3.2E). Whole-mount in situ hybridization analysis using hurp sense probes were 
performed as negative controls (Figure 3.2F-I).   
 The results of semi-quantitative RT-PCR (Figure 3.2J) showed that zebrafish hurp 
expression was ubiquitously distributed in the adult zebrafish tissues examined. Similar to 
human, mouse and Drosophila, zebrafish hurp was highly expressed in both female and male 
reproductive organs. In addition, zebrafish hurp was also more intensely expressed in the 









Figure 3.2 The spatial and temporal expression of hurp mRNA.  
Whole-mount in situ hybridization analysis for zebrafish hurp mRNA transcripts (A-E) and 
hurp sense control (F-I) in different stages of zebrafish embryonic development. (A) 4-cell 
stage embryo, animal pole up, (B and G) 50% epiboly embryo, animal pole up, (C and H) 
tailbud stage embryo, lateral view, dorsal right, (D) tailbud stage embryo, anterior view, 
dorsal right, (E and I) 24 hpf embryo, lateral view, anterior left, (F) 1-cell stage embryo, 
animal pole up.  (J) Semi-quantitative RT-PCR analysis for zebrafish hurp mRNA expression 











3.1.3 Expression and localization of Hurp protein in zebrafish embryos  
 
 Whole embryonic lysates of zebrafish embryos were collected at 256-cell, sphere, 50% 
epiboly and tailbud stages and the expression of Hurp in early zebrafish embryos was 
examined by immunoblotting with a custom made polyclonal anti-Hurp antibody (antigen 
378-393) directed against zebrafish Hurp. Western blot analysis detected zebrafish Hurp as a 
150 kDa protein compared to its predicted mass of 99 kDa. The difference in the protein size 
may be due to post-translational modification such as phosphorylation in vivo. Hurp was 
present throughout early embryogenesis of zebrafish embryos from the cleavage stage to the 
end of gastrulation, with higher expression at the cleavage blastula stage (Figure 3.3A).  
 Next, I examined the cellular localization of Hurp in zebrafish embryos during 
gastrulation. hurp-gfp RNA was injected into 1-cell stage zebrafish embryos and confocal 
images of live embryos were taken at the deep cells and enveloping layer cells of the animal 
pole of 50% epiboly and the lateral mesodermal cells and enveloping layer cells of the tailbud 
stage embryos (Figure 3.3B-I). Hurp-GFP signal was mainly detected in the nucleus and a 
low amount of Hurp-GFP was detected in the cytoplasm of the deep cells of 50% epiboly 
embryos (Figure 3.3B) and the lateral mesodermal cells of tailbud stage embryos (Figure 
3.3C). In Figure 3.3D and E, Hurp-GFP was localized to the cytoskeletal microtubules of the 
enveloping layer cells in 50% epiboly and tailbud stage embryos.  
In addition, in the metaphase cells, Hurp-GFP localized to the kinetochore 
microtubules and chromosomes (Figure 3.3C and F, white arrows). In the metaphase stage 
enveloping layer cells, Hurp-GFP localized to the kinetochore microtubules and 
chromosomes as well (Figure 3.3G). Interestingly, Hurp-GFP was also localized to the astral 
microtubules (Figure 3.3G-I). Hurp-GFP was shown to localize to the astral microtubules at 
the initial stage of mitosis in the enveloping layer cells and lateral mesodermal cells (Figure 




3.3H and I). Time-lapse imaging analysis showed that Hurp localized to the mitotic spindle 
and chromosomes throughout the process of mitosis. 
 
Figure 3.3 The expression and localization of Hurp protein in zebrafish embryos.  
(A) Western blot analysis for zebrafish Hurp in the early stages of zebrafish embryos. 
GAPDH was used as a loading control. (B-I) Confocal images of embryos expressing Hurp-
GFP at 50% epiboly and tailbud stage embryos. 50% epiboly embryos were imaged from 
animal pole view. Tailbud stage embryos were imaged from lateral view, dorsal right. Dashed 








Similarly, in HeLa cells, GFP-tagged zebrafish Hurp localized to the nucleus, and 
associated with cytoskeletal microtubules in the interphase cells. In metaphase cells, 
zebrafish Hurp localized to the entire kinetochore microtubules while the first 278 amino 
acids of Hurp were sufficient to associate with microtubule filaments (Figure 3.4).  
 
 
Figure 3.4 The localization of zebrafish Hurp in HeLa cells.  
Fluorescent images of interphase (A and C) and metaphase (B and D) HeLa cells transfected 
with zebrafish GFP-Hurp and GFP-Hurp278. Microtubules were labelled with anti-α-tubulin 








3.1.4 Interference with Hurp function disrupts gastrulation movements in zebrafish 
embryos  
 
 To study the role of Hurp during zebrafish embryonic development, antisense 
morpholino oligo (MO) targeted knockdown of protein of interest was employed to inhibit 
Hurp translation in zebrafish embryos. One-cell stage zebrafish embryos were injected with 
10 ng of a MO targeting the 5’ UTR of zebrafish hurp mRNA transcripts. Western blot 
analysis of whole embryo lysate of 50% epiboly stage embryos showed that the protein levels 
of Hurp were strongly reduced to approximately 34% of wild type Hurp protein levels 
(Figure 3.5A). In embryos injected with 10 ng of a 5-base mismatch hurp MO (hurp MO 5-
mis), the protein expression levels of Hurp were not reduced (Figure 3.5B).   
 
 
Figure 3.5 MO targeted knockdown of Hurp in zebrafish embryos.  
Uninjected wild type embryos and embryos injected with hurp MO were lysed at 50% 
epiboly stage for Western blot analysis using an antibody directed against zebrafish Hurp. (B) 
Uninjected wild type embryos and embryos injected with hurp MO and 5-base mismatch 
were lysed and analysed as described in (A). α-tubulin was used as a loading control. 
 
 




Compared to their wild type siblings, embryos injected with hurp MO exhibited 
morphogenetic movement defects, such as shortened anteroposterior axis with a shorter and 
broader notochord in tailbud stage embryos (Figure 3.6A and B, E and F). The 24 hpf and 48 
hpf embryos displayed significantly shortened body axis and undulated notochord, suggesting 









Figure 3.6 Hurp is required for zebrafish gastrulation.  
Phenotypic analysis of uninjected wild type embryos (A-D) and embryos injected with hurp 
MO (E-H). (A and B, E and F) Tailbud stage embryos, dorsal view, animal pole up. Double-
headed arrows mark notochord width. (C and G) 24 hpf stage embryos, lateral view, anterior 
left. (D and H) 48 hpf stage embryos, lateral view, anterior left. Arrowheads indicate 
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 The examination of the expression patterns of specific gene markers that specify the 
axial, paraxial mesoderm and neuroectoderm in zebrafish gastrulae confirmed that Hurp 
morphants displayed C&E defects. At the end of gastrulation, the prechordal plate, marked by 
hatching gland (hgg1) expression was positioned slightly posterior with respect to the dlx3 
expression at the anterior edge of the neural plate (Figure 3.7A and B). The anterior-posterior 
extension and mediolateral convergence of the axial mesoderm was reduced in hurp MO 
injected embryos, leading to a shorter and broader notochord at the end of gastrulation, as 
indicated by the expression of no tail (ntl) (Figure 3.7E and F).  
The C&E phenotypes were classified and the embryos showing severe C&E 
phenotype were characterized as the presence of a significantly thickened and shortened 
notochord and posteriorly positioned prechordal plate with respect to the neuroectoderm 
(Figure 3.7C and G). Some embryos exhibit epiboly phenotype characterized by the failure of 
blastoderm margin (marked by ntl) to enclose the yolk cell at the end of gastrulation (Figure 









Figure 3.7 Classification of C&E phenotypes in hurp MO injected embryos.  
C&E phenotypes were characterized at tailbud stage after whole-mount in situ hybridization 
with a mixture of hgg1, ntl, and dlx3 probes. (A-D) Dorsoanterior view, (E-H) dorsal view, 














In the paraxial mesoderm of hurp MO injected gastrulae, two strips of adaxial cells 
were mediolaterally expanded and anteroposteriorly shortened, as revealed by myoD 
expression (Figure 3.8A and D). The similar broader and shorter posterior paraxial mesoderm 
was shown by paraxial protochadherin (papc) expression at the early somitogenesis stage 
(Figure 3.8B and E). Notably, the expression pattern of the dorsal mesoderm marker, chordin 
(chd) was unaffected in embryos injected with hurp MO at 50% epiboly stage (Figure 3.8C 
and F). Taken together, in hurp MO injected gastrulae, C&E movements are inhibited in the 
dorsal mesoderm, non-axial mesoderm and neuroectoderm. The unchanged expression 
pattern of chd suggests that cell fate may not be affected in hurp MO injected embryos.  
 
 
Figure 3.8 C&E phenotypes in hurp MO injected embryos.  
Whole-mount in situ hybridization analysis of the expression domains of tissue specific 
marker genes, indicated at the bottom right corner in uninjected wild type embryos (A-E) and 
embryos injected with hurp MO (F-J). (A and D) Tailbud stage embryos, dorsal view, animal 
pole up.  (B and E) 2-somite stage embryos, dorsal view, animal pole up. (C and F) 50% 
epiboly stage embryos, animal pole view, dorsal right.  
 




  To statistically quantify the significance of the C&E phenotypes observed in zebrafish 
gastrulae, wild type embryos, and MOs and/or RNAs injected zebrafish embryos were fixed 
at tailbud stage and subjected to whole-mount in situ hybridization using hgg1, dlx3 and ntl 
probes. The C&E phenotypes were characterised based on the expression patterns of hgg1, 
dlx3 and ntl in Figure 3.7.  
First, the C&E phenotypes were quantified in hurp MO and hurp MO 5-mis injected 
embryos. Injection of 10 ng of hurp MO 5-mis did not result in C&E phenotype (P > 0.1, vs. 
wild type), as compared to injection of 10 ng of hurp MO which resulted in ~60% of embryos 
with C&E defects (P < 0.01, vs. wild type) (Table 3.1).  
Next, to test whether the C&E defects were due to the specific interference of MO 
with Hurp function, we co-injected 50 pg of zebrafish hurp RNA with 10 ng of hurp MO 
targeting the 5’ UTR of hurp transcripts. The hurp RNA introduced is immune to hurp MO 
as the target sequence of hurp MO 5’ UTR does not overlap with the hurp RNA coding 
region. The injection of 50 pg of hurp RNA had no obvious effects on the percentage of 
embryos with C&E defects (P > 0.1, vs. wild type). However, when this amount of hurp 
RNA was co-injected with hurp MO, the percentage of embryos with C&E defects decreased 
from ~60% to ~22% (P > 0.1, vs. wild type) (Table 3.1). In addition, injection of 200 pg of 
hurp RNA did not result in C&E defects (P > 0.05, vs. wild type) (Table 3.1).  Taken together, 
these results showed that hurp MO effectively reduced Hurp function which caused 














 C&E for hurp MO (10 ng) vs. C&E for Wild type, P < 0.01 
b
 C&E for hurp MO 5-mis (10 ng) vs. C&E for Wild type, P > 0.1 
c
 C&E for hurp MO (10 ng) vs. C&E for Wild type, P < 0.01 
d
 C&E for hurp MO (10 ng) + hurp RNA (50 pg) vs. C&E for Wild type, P > 0.1 
e
 C&E for hurp RNA (50 pg) vs. C&E for Wild type, P > 0.1 
f






 WT (normal) 
(mean ± SEM)  
C&E       
(mean ± SEM) 
C&E (severe) 
(mean ± SEM) 
Epiboly   
(mean ± SEM) 
Embryos/ 
Repeats 
Wild type 91.22 ± 0.8 8.78 ±  2.3 0.00 0.00 105/3 
hurp MO (10 ng) 25.36 ± 0.1 57.79 ± 1.2
a
 0.00 16.85 ± 2.1 116/3 
hurp MO 5-mis (10 ng) 75.73 ± 1.7 14.62 ± 2.6
b
 0.00 9.66 ± 3.3 106/3 
Wild type 87.08 ± 1.2 9.00 ± 4.6 3.92 ± 4.8 0.00 59/3 
hurp MO (10 ng) 23.16 ± 1.3 59.86 ± 1.6
c
 6.48 ± 1.8 10.50 ± 0.5 139/3 
hurp MO (10 ng) +       
hurp RNA (50 pg) 
41.85 ± 0.8 33.00 ± 2.0
d
 6.69 ± 2.0 18.46 ± 1.3 167/3 
hurp RNA(50 pg) 67.58 ± 0.7 22.70 ± 0.8
e
 2.06 ± 1.6 7.66 ± 1.8 163/3 
Wild type 91.76 ± 1.0 8.2 ± 3.2 0.00 0.00 194/4 
hurp RNA (200 pg) 61.73 ± 1.1 29.36 ± 1.0
f
 1.28 ± 0.6 7.63 ± 1.0 409/4 




3.1.5 Down regulation of Hurp activity has no effects on cell division duration in 
zebrafish gastrulae 
 
 Studies of HURP function in human cell lines and Mars in Drosophila embryos 
revealed that HURP and Mars regulate cell division and cell proliferation. Hence, I examined 
if knockdown of Hurp in zebrafish embryos affects cell division and proliferation. To monitor 
cell division in zebrafish embryos, I imaged zebrafish embryos ubiquitously expressing GFP-
tagged histone 2B (GFP-H2B) or expressing Hurp-GFP using confocal microscopy over x, y, 
z axes over time (t). GFP-H2B and Hurp-GFP mark chromosomes and render the stages of 
mitosis visible in time-lapse movies based on changes in chromosome arrangement.  
Prophase is characterized by the onset of chromatin condensation (0:00 h), 
prometaphase where condensed chromatin begin to move to align themselves at the 
metaphase plate (0:02 h), metaphase where chromosomes are well aligned at the metaphase 
plate (0:04 and 0:06 h), anaphase where chromosomes separate and begin to move to the 
opposite poles of the daughter cells and telophase where chromosomes arrive at the opposite 
poles of the daughter cells (0:08 h) (Figure 3.9). 
 
Figure 3.9 Cell division stages in zebrafish gastrulae.  
A representative GFP-H2B labelled dividing nucleus in a zebrafish gastrula was enlarged and 








 In 50% epiboly embryos, time-lapse confocal images of the deep cells were acquired 
at the animal pole, while in tailbud embryos, time-lapse images were acquired at the 
dorsolateral epiblast and hypoblast region. The division duration were monitored and tracked 
from prophase to telophase stage (Figure 3.9). For 50% epiboly embryos, wild type embryos 
took 7.85 ± 1.19 min, hurp MO injected embryos took 7.77 ± 0.8 min and hurp-gfp RNA 
(200 pg) injected embryos took 8.35 ± 0.94 min to complete a prophase to telophase cycle 
(Figure 3.10A). In tailbud embryos, wild type embryos took 7.64 ± 0.64 min, hurp MO 
injected embryos took 8.11 ± 0.36 min and hurp-gfp RNA (200 pg) injected embryos took 
8.18 ± 0.0.39 min to complete a prophase to telophase cycle (Figure 3.10A). My results 
showed that neither down regulation nor overexpression of Hurp affects the cell division 
duration in zebrafish embryos during early and late gastrulation.  
 Next, I examined if reducing Hurp activity affects cell proliferation in zebrafish 
embryos. Uninjected control and hurp MO injected embryos were fixed at sphere and 50% 
epiboly stage followed by immunostaining with anti-phosphohistone H3 (pH3) antibody to 
label proliferating cells at M-phase of the cell cycle. All the other cell populations were 
labelled with Hoechst 33342. A series of confocal z-section images were acquired from the 
animal pole and the mitotic index was determined as the percentage of the pH3-positive cells 
within a field of one section (Figure 3.10B). The total number of cells quantified in the 
analysis is shown in Figure 3.10C. My data showed that down regulation of Hurp does not 
affect cell proliferation (Figure 3.10B and C). 
 
 





Figure 3.10 Hurp does not affect cell division duration and cell proliferation in 
zebrafish embryos.  
(A) Cell division duration was analysed in uninjected WT embryos and embryos injected 
with hurp MO or 200 pg hurp-gfp RNA at 50% epiboly and tailbud stage. The nuclei were 
labelled with GFP-H2B or Hurp-GFP. Data are shown in mean ± SD (WT, 142 divisions, 7 
embryos; hurp MO, 146 divisions, 8 embryos; Hurp-GFP, 45 divisions, 3 embryos; for 50% 
epiboly stage embryos) and (WT, 80 divisions, 4 embryos; hurp MO, 98 divisions, 5 embryos, 
Hurp-GFP, 59 divisions, 4 embryos; for tailbud stage embryos). (B) Uninjected WT or hurp 
MO injected embryos were immunostained with anti-pH3 antibody to mark proliferating cells 
at M-phase and Hoechst 33342 to label all nuclei. Confocal z-section images were acquired 
from the animal pole. The mitotic index was determined as a percentage of pH3-positive cells 
within a field of one section. Data are shown in mean ± SD (WT, 2201 cells, 11 embryos; 
hurp MO, 2168 cells; 11 embryos for sphere stage embryos) and (WT, 5810 cells, 21 
embryos; hurp MO, 5149 cells, 18 embryos; for 50% epiboly stage embryos). (C) The 
average total number of cells marked by Hoechst 33342 staining in (B). Data are shown as 
mean ± SD (WT, 2201 cells, 11 embryos; hurp MO, 2168 cells; 11 embryos for sphere stage 
embryos) and (WT, 5810 cells, 21 embryos; hurp MO, 5149 cells, 18 embryos; for 50% 
epiboly stage embryos). *, P > 0.5 vs. WT.  
 




3.1.6 The role of Hurp for polarized elongation of lateral cells preceding fast dorsal 
directed movements during C&E 
 
 Shortened anteroposterior and broadened mediolateral axis observed in hurp MO 
injected gastrulae suggest defective C&E movements during gastrulation.  
To investigate the role of Hurp during zebrafish C&E, we analysed the dorsal 
convergence movements of lateral ectodermal and mesodermal cells in hurp MO injected 
embryos by cell tracing analysis using time-lapse DIC imaging. Time-lapse images were 
acquired to examine dorsal convergence movements of lateral ectodermal and mesodermal 
cells of late zebrafish gastrulae, 75° from the dorsal midline (Figure 3.11A and B) in 
uninjected wild type and hurp MO injected embryos.  
The migration paths and speeds of lateral ectodermal and mesodermal cells were 
determined for tailbud stage embryos (Figure 3.11D-F). Lateral ectodermal and mesodermal 
cells in wild type embryos migrated dorsally with more direct trajectories, whereas lateral 
ectodermal and mesodermal cells in hurp MO injected embryos migrated dorsally with less 
direct trajectories compared to their wild type counterparts (Figure 3.11D and E).  
Analysis of total and net cell migration speeds revealed that Hurp knockdown 
ectodermal and mesodermal cells moved at a slower rate than wild type embryos. Hurp 
knockdown ectodermal and mesodermal cells migrated dorsally at a reduced speed, with 
approximately 67% and 63% of the total speed of wild type gastrulae (Figure 3.11F). In 
addition, the net dorsal speed of Hurp knockdown ectodermal and mesodermal cells was 
strongly compromised, with approximately 60% and 55% of the net speed of wild type 
gastrulae (Figure 3.11F).  
 





Figure 3.11 Hurp is essential for dorsal directed cell migration in zebrafish gastrulae. 
(A and B) The grey region represents lateral region 75˚ from the dorsal midline (dm).  (C) A 
schematic diagram of the method used to measure cell elongation. (D and E) Representative 
migration paths of lateral ectodermal cells (D) and lateral mesodermal cells (E) from a 
gastrula. Scale bar, 20 µm. (F) Total and net dorsal speeds of lateral ectodermal and 
mesodermal cells at tailbud stage in WT and hurp MO injected embryos. Data are shown in 
mean ± SD (Tailbud embryos: WT Ecto, 68 cells, 4 embryos; WT Meso, 103 cells, 6 
embryos; hurp MO Ecto, 65 cells, 4 embryos; hurp MO Meso, 93 cells, 5 embryos). (G) 
Quantitative data of the LWR of lateral ectodermal and mesodermal cells in WT and hurp 
MO injected embryos at 80% epiboly and tailbud stages. Data are shown in mean ± SD (80% 
epiboly embryos: WT Ecto, 115 cells, 7 embryos; WT Meso, 114 cells, 7 embryos; hurp MO 
Ecto, 144 cells, 9 embryos; hurp MO Meso, 157 cells, 10 embryos; tailbud embryos: WT 
Ecto, 68 cells, 4 embryos; WT Meso, 119 cells, 6 embryos; hurp MO Ecto, 65 cells, 4 
embryos; hurp MO Meso, 93 cells, 5 embryos). *, P < 0 .05 vs. WT.  




To further identify the cellular basis of this movement defect, we analysed lateral 
ectodermal and mesodermal cell shape of late zebrafish gastrulae. The cell shape was 
determined by measuring the length to width ratio (LWR), the ratio of the length of the 
longest cellular axis to the length of the axis perpendicular to it (Figure 3.11C). In uninjected 
tailbud embryos, lateral ectodermal and mesodermal cells exhibited elongated cell 
morphology with an average LWR of 1.93 ± 0.18 and 1.74 ± 0.1 respectively (Figure 3.11D 
and 3.12A,C,E and G). In contrast, in tailbud embryos injected with hurp MO, lateral 
ectodermal and mesodermal cells were significantly less elongated with average LWR of 
1.49 ± 0.12 and 1.47 ± 0.09 respectively (Figure 3.11D and 3.12B,D,F and H). These results 
revealed that Hurp mediates cell elongation that is associated with fast dorsal directed cell 

















Figure 3.12 Hurp is essential for lateral cell elongation in tailbud stage embryos.  
Representative images of the cell morphology of lateral ectoderm (A and B) and mesoderm 
(E and F) in WT and hurp MO injected embryos. The images are animal-vegetal and 
mediolaterally oriented. Scale bar, 20 µm. Histograms showing the distribution of LWR of 
lateral ectoderm (C and D) and mesoderm (G and H) cells in WT and hurp MO injected 
embryos. Data are generated from the number of cells and embryos in Figure 3.11G.  




To further confirm this notion, I determined the lateral ectodermal and mesodermal 
cell shape of uninjected wild type and Hurp knockdown embryos at the mid-gastrulation 
stage. In wild type embryos, lateral ectodermal and mesodermal cells were less elongated 
compared to late gastrulation embryos with average LWR of 1.58 ± 0.18 and 1.46 ± 0.09 
respectively (Figure 3.11G and 3.13A,C,E and G). In Hurp morphants, the lateral ectodermal 
and mesodermal cells exhibited similar cell morphology as their wild type counterparts with 
average LWR of 1.54 ± 0.12 and 1.44 ± 0.06 respectively (Figure 3.11D and 3.13B,D,F and 
H).  
My results showed that cell elongation of the lateral ectodermal and mesodermal cells 
of mid-gastrulation embryos are not affected in hurp MO injected gastrulae, suggesting that 
down regulation of Hurp does not affect slow dorsal directed migration during mid-
gastrulation. Taken together, these results indicate that Hurp is required for normal cell 
elongation and effective fast dorsal directed migration during late gastrulation and the 
disruption of the polarized cell behaviour is the basis for defective C&E movements in 
embryos with reduced Hurp activity.  
  





Figure 3.13 Hurp does not affect lateral cell elongation in 80% epiboly embryos.  
Representative images of the cell morphology of lateral ectoderm (A and B) and mesoderm 
(E and F) in WT and hurp MO injected embryos. The images are animal-vegetal and 
mediolaterally oriented. Scale bar, 20 µm. Histograms showing the distribution of LWR of 
lateral ectoderm (C and D) and mesoderm (G and H) cells in WT and hurp MO injected 
embryos. Data are generated from the number of cells and embryos in Figure 3.11G.  
E F 




Next, I used cell transplantation to test for cell-autonomy of Hurp function in cell 
polarity regulation during C&E. The deep cells of sphere stage donor embryos labelled with 
rhodamine-dextran lineage tracer were transplanted to the margin of dome stage embryos 
labelled with membrane GFP (mGFP). I assessed the cell elongation morphology of donor-
derived lateral ectodermal and mesodermal cells in the host embryos at late gastrulation. My 
previous data showed that the LWR was not significantly different between ectoderm and 
mesoderm cells for wild type (WT ectoderm vs. mesoderm, P = 0.53) and hurp MO injected 
embryos (hurp MO ectoderm vs. mesoderm, P = 0.36) at this stage of development (Figure 
3.11G). Therefore, donor ectodermal and mesodermal cell populations were pooled for cell 
elongation analysis.   
Wild type donor cells transplanted into wild type hosts were elongated (LWR 1.76 ± 
0.14, Figure 3.14A and D), similar to uninjected wild type embryos (Figure 3.11G) indicating 
that the transplantation process did not impair cell elongation. Labelled Hurp knockdown 
donor cells exhibited rounder morphology in wild type hosts (LWR 1.40 ± 0.06, Figure 3.14B 
and D), while transplanted wild type cells were elongated in hurp MO injected hosts (LWR 
1.77 ± 0.16, Figure 3.14C and D). The cell shape of Hurp knockdown donor cells in wild type 
hosts was similar to that observed for hurp MO injected gastrulae (Figure 3.11G). Hence, the 
inability of transplanted Hurp knockdown donor cells to behave normally in wild type host 
environment indicates that Hurp function cell-autonomously in the establishment of 
mediolateral polarity during C&E. Moreover, transplanted wild type cells elongates normally 
in hurp MO injected hosts suggesting that Hurp does not possess non-cell-autonomous 
activity in cell polarity regulation during C&E.  
  







Figure 3.14 Cell-autonomous activity of Hurp is essential for the establishment of 
polarized lateral cell elongation during C&E.  
(A-C) Representative images of transplanted WT or hurp MO injected cells (red) into WT or 
hurp MO injected hosts labelled with mGFP (green). The images are animal-vegetal and 
mediolaterally oriented. (D) LWR of donor cells at the lateral position of host embryos at the 
end of gastrulation. Data are shown in mean ± SD (WTWT, 100 cells, 8 embryos; 











3.1.7 Hurp is essential for paraxial mesodermal cell elongation and orientation  
 
In the dorsolateral domain, polarized cells participate in mediolateral intercalation 
movements in addition to cell migration. To investigate whether Hurp is required for 
mediolateral intercalation of dorsolateral cells, we analysed cell shape (LWR) and 
mediolateral alignment (MLA) of paraxial ectodermal and mesodermal cells at tailbud to 1 
somite stage of development (Figure 3.15B).  
In wild type gastrulae, the dorsolateral mesodermal cells were mediolaterally 
elongated with average LWR of 1.933 ± 0.14 (Figure 3.15A, 3.16A and C) and 
mediolaterally oriented with 74% of cells with MLA of ± 20° (129 cells, 8 embryos) (Figure 
3.16E). In Hurp down regulated gastrulae, the dorsolateral mesodermal cells lost its 
mediolateral elongated cell morphology (LWR 1.547 ± 0.05) (Figure 3.15A, 3.16B and D) 
and mediolateral orientation, with only 49% of cells with MLA of ± 20° (135 cells, 8 
embryos) (Figure 3.16F).  
However, in the dorsolateral ectodermal cells, Hurp was shown to be required for cell 
elongation but not mediolateral cell orientation. Wild type dorsolateral ectodermal cells 
exhibited elongated cell morphology with LWR 1.974 ± 0.14 while dorsolateral ectodermal 
cells in hurp MO injected gastrulae were rounder with LWR 1.598 ± 0.13 (Figure 3.15A, 
3.17A-D). Dorsolateral ectodermal cell orientation in wild type and hurp MO injected 
gastrulae were not significantly different as the percentage of cells exhibiting MLA of ± 20° 
were 73% (219 cells, 11 embryos) and 70% (128 cells, 7 embryos) respectively (Figure 3.17 
E and F).  






Figure 3.15 Hurp is essential for dorsolateral cell elongation.  
(A) Quantitative data of the LWR of the dorsolateral ectodermal and mesodermal cells in WT 
and hurp MO injected embryos at tailbud stage. Data are shown in mean ± SD (WT Ecto, 218 
cells, 11 embryos; WT Meso, 127 cells, 8 embryos; MO Ecto, 127 cells, 7 embryos; MO 
Meso, 135 cells, 8 embryos). (B) A schematic representation of the method used to measure 
cell elongation. Cell elongation is represented by measurement of the length to width ratio 
(LWR). Cell orientation is defined as mediolateral alignment (MLA), represented by the 























Figure 3.16 Hurp is essential for dorsolateral mesodermal cell elongation and 
orientation in tailbud stage embryos.  
(A and B) Representative images of the cell morphology of paraxial mesoderm in WT (A) 
and hurp MO injected embryos. The images are animal-vegetal and mediolaterally oriented. 
(C and D) Histograms showing the distribution of LWR in WT and hurp MO injected 
embryos. Data are generated from the number of cells and embryos in Figure 3.15A.  (E and 
F) Histograms showing the distribution of MLA in WT and hurp MO injected embryos.  
Scale bar, 20 µm. 





Figure 3.17 Hurp is essential for dorsolateral ectodermal cell elongation but not cell 
orientation in tailbud stage embryos.  
(A and B) Representative images of the cell morphology of paraxial ectoderm in WT (A) and 
hurp MO injected embryos. The images are animal-vegetal and mediolaterally oriented. (C 
and D) Histograms showing the distribution of LWR in WT and hurp MO injected embryos. 
Data are generated from the number of cells and embryos in Figure 3.15A.  (E and F) 
Histograms showing the distribution of MLA in WT and hurp MO injected embryos.  Scale 
bar, 20 µm. 




3.1.8 Analysis of cell division orientation in zebrafish gastrulae 
Hurp is localized to the mitotic spindles of zebrafish gastrulae, suggesting possible 
roles in mitotic spindle organization. To elucidate the function of Hurp in mitotic spindle 
organization, I monitored mitotic divisions through the depth of the dorsolateral epiblast in 
zebrafish gastrulae. Epiblast cells in this region undergo polarized cell division orientation 
aligned along the animal-vegetal (AV) axis (Concha & Adams, 1998; Gong et al, 2004).  
Zebrafish gastrulae ubiquitously expressing GFP-H2B were imaged using confocal 
microscopy over x, y, z axes over time (t). The division orientation was determined by 
measuring the angle between the daughter nuclei at telophase stage and the AV axis. In this 
study, the orientation of cell division of the epiblast cells at the dorsolateral region, ~100 
µm
2 
region of 50-150 µm relative to the dorsal midline of tailbud stage embryos were 
quantified (Figure 3.18A). Each angle was characterized by its two planar projections, 
namely the xy plane of division angle, the angle within the epiblast plane, and the yz plane of 

















Figure 3.18 Schematic diagrams showing the measurement of division orientation in 
late zebrafish gastrulae.  
(A) The grey region represents ~100 µm
2 
of 50-150 µm relative to the dorsal midline (dm) of 
tailbud stage embryos. (B and C) Daughter nuclei pairs are shown as yellow spheres. The 
angle of measurement is broken down into xy plane of division angle (planar projections in 
the epiblast plane) (B) and yz plane of division angle (planar projections perpendicular to the 
epiblast plane) (C). The angles of planar components parallel to the animal-vegetal axis are 
represented by 0° and the angles of planar components orthogonal to the animal-vegetal axis 











Analysis of the xy plane of division angle in control and hurp MO injected gastrulae 
showed that Hurp is required for AV aligned division orientation in the xy plane (Figure 
3.19). Figure 3.19A and B show time-lapse images of chromosomes labelled with GFP-H2B 
of the dorsolateral epiblast of tailbud stage embryos of control and hurp MO injected 
embryos.  Quantitative analysis of the division axes showed that in control gastrulae, 87% of 
dividing cells aligned their division axes between 0-45°, while 49% of dividing cells aligned 
their division axes between 0-20° (Figure 3.19C and D). In embryos injected with hurp MO, 
the percentage of embryos which aligned their division axes between 0-45° was reduced to 
60% (Figure 3.19C) while 28% of dividing cells aligned their division axes between 0-20° 
(Figure 3.19E). In Hurp knockdown embryos, cells divided in a randomized fashion, with the 



















Figure 3.19 Hurp is essential for xy plane division orientation in zebrafish gastrulae.  
(A and B) Representative time-lapse images of paraxial epiblast cells of a control embryo 
injected with gfp-h2b RNA and an embryo co-injected with hurp MO and gfp-h2b RNA. The 
images are animal-vegetal and mediolaterally oriented. A representative dividing nucleus is 
enlarged and marked with red arrowheads (inset). The division axes are marked by yellow 
lines. The time intervals (h) are shown in the far right corner. Scale bar, 20 µm. (C) A bar 
chart showing the quantitative data of division angles of less than 45° and greater than 45°. 
(D and E) Histograms showing the distribution of xy plane division angles in control (D) 
and hurp MO injected embryos (E). Data are shown in mean ± SD (Control, 132 divisions, 5 
embryos; hurp MO, 120 divisions, 5 embryos). 




Analysis of yz plane of division angle in control and hurp MO injected gastrulae 
showed that Hurp is not required for AV aligned division orientation in the yz plane (Figure 
3.20). Figure 3.20A and B show time-lapse images of chromosomes labelled with GFP-H2B 
at the dorsolateral epiblast of tailbud stage embryos of control and hurp MO injected embryos. 
Quantitative analysis of the division axes showed that in both control and hurp MO injected 
gastrulae, 95% of dividing cells aligned their division axes between 0-45° (Figure 3.20C). In 
control gastrulae, 74% of dividing cells aligned their division axes between 0-20° (Figure 
3.20D) while in embryos injected with hurp MO, the percentage of embryos which aligned 
their division axes between 0-20° was not significantly different at 63% (Figure 3.20E). The 
division axes distribution in control and hurp MO injected embryos showed similar 























Figure 3.20 Hurp is not required for the orientation of yz plane division in zebrafish 
gastrulae.  
(A and B) Representative time-lapse images of paraxial epiblast cells of a control embryo 
injected with gfp-h2b RNA and an embryo co-injected with hurp MO and gfp-h2b RNA. The 
images shown are cross-sections of animal-vegetal depth, with animal pole up. 
Representative dividing nuclei are marked with red arrowheads. The division axes are 
marked by yellow lines. The time intervals (h) are shown on top. Scale bar, 20 µm. (C) A bar 
chart showing the quantitative data of division angles of less than 45° and greater than 45°. 
(D and E) Histograms showing the distribution of yz plane division angles in control (D) 
and hurp MO injected embryos (E). Data are shown in mean ± SD (Control, 105 divisions, 4 
embryos; hurp MO, 103 divisions, 4 embryos). 
  
 




To further understand if Hurp plays a role in regulating mitotic spindle orientation in 
zebrafish gastrulae, we utilized Tg(ef1α:dclk-GFP) transgenic embryos with GFP expression 
that labels all microtubule populations in zebrafish embryos (Tran et al, 2012). Figure 3.21 
shows time lapse images of epiblast cells of a tailbud stage dclk-GFP embryo injected with 
mCherry-h2b RNA to label all nuclei. A representative dividing cell (dotted box) is enlarged 
(inset) (Figure 3.21). The chromosomes and spindle morphologies are defined at specific time 
points: time 0:00 h which corresponds to prometaphase, in which the chromosomes are 
condensed and spindle microtubules begin to nucleate and search in space to attach to 
kinetochores; 0:02 h and 0:04 h which correspond to metaphase, where the bipolar mitotic 
spindle is formed and chromosomes are aligned at the metaphase plate; 0:06 h which 
corresponds to anaphase-telophase where sister chromatids are separated and pulled to the 
opposite ends of the spindle poles by retracting mitotic spindles and 0:08 h which 
corresponds to telophase-cytokinesis, where daughter nuclei reach their respective poles and 
the cleavage furrow is formed (Figure 3.21).   
 
 
Figure 3.21 The mitotic spindle orientation in zebrafish gastrulae. 
Tg(ef1α:dclk-GFP) expression labels all microtubule populations (green) in zebrafish 
gastrulae. Time-lapse images of paraxial epiblast cells of a tailbud stage dclk-GFP embryo 
expressing mCherry-H2B (red) to label all nuclei. A representative dividing cell (dotted box) 
is enlarged (inset). Time intervals (h) are shown in the far right corner.  
 




Based on the observed mitotic spindle changes with respect to the specific mitotic 
stages, I tracked cell division progression in the dorsolateral epiblast cells in dclk-GFP 
gastrulae and measured cell division orientation between the axis of the opposite poles of 
centrosomes with respect to the AV axis (Figure 3.22A and B). Quantitative data from the 
distribution of xy plane division angles in control (Figure 3.22A) and hurp MO (Figure 3.22B) 
injected embryos revealed that in both control and hurp MO injected embryos, about half of 
the dividing cell populations (Figure 3.22C and D), 47% and 53% respectively aligned their 
division axes within 0-30° at prometaphase stage. As mitosis progressed, the percentage of 
control dorsolateral epiblast cells which aligned their division axes within 30° gradually 
increased at each mitotic phase and eventually to 84% at telophase-cytokinesis phase. In 
contrast, in embryos injected with hurp MO, the percentage of dorsolateral epiblast cells 
which aligned their division axes within 30° decreased to 35% by telophase-cytokinesis stage 
(Figure 3.22C and D). 
Importantly, I found that dividing control dorsolateral epiblast cells that were AV 
oriented (0-30°) largely maintained this orientation in subsequent mitotic phases (Figure 
3.22E). Moreover, control dorsolateral epiblast cells that were less aligned to the AV axis, 
(30-60° or 60-90°) progressively corrected their alignment to become AV oriented (0-30°) in 
the subsequent phases of mitosis (Figure 3.22F and G). In contrast, dividing cell populations 
in hurp MO injected embryos were less persistent in maintaining the AV alignment (Figure 
3.22E-G). The division axes of Hurp knockdown dorsolateral epiblast cells that were AV 
aligned initially (0-30°) were unable to maintain this position throughout mitosis (Figure 
3.22E). Moreover, Hurp knockdown dorsolateral epiblast cells that were mis-aligned initially 
(30-60° or 60-90°) were unable to correct their division axes to become AV oriented (Figure 
3.22F and G). Taken together, dorsolateral epiblast mitotic spindles efficiently correct their 
alignment along AV axis in zebrafish gastrulae throughout mitotic progression to ensure 
proper AV alignment at the end of mitosis, while Hurp down regulated cells are unable to do 
so. 
  





Figure 3.22 Hurp regulates mitotic spindle orientation in zebrafish gastrulae.   
(A and B) Representative dividing cells for control (A) and hurp MO (B) injected dclk-GFP 
embryos. The images are aligned mediolaterally, dorsal to the left. The division axes are 
marked by red lines. The time intervals (h) are shown in the far right corner. Scale bar, 20 µm. 
(C and D) Histograms showing the distribution of xy plane division angle in control (C) 
and hurp MO injected embryos (D). (E-G) Cumulative data of cell division orientation for 
control and hurp MO injected embryos grouped into different mitotic phases. Data were 
collected from 38 divisions, 6 embryos for control and 34 divisions, 6 embryos for hurp MO 
injected embryos. 




3.2 The role of Hurp in zebrafish epiboly  
3.2.1 Hurp is required for zebrafish epiboly  
 
 In addition to defective C&E movements during gastrulation, I also observed epiboly 
movement defects in hurp MO injected embryos. When the blastoderm of the wild type 
embryos covered 50% of the yolk cell, hurp MO injected embryos lagged behind at 30% 
coverage (Figure 3.23A and D) and while the blastoderm of the wild type embryos covered 
90% of the yolk cell, hurp MO injected embryos lagged behind at 50% coverage (Figure 
3.23B and E). During gastrulation, mesendoderm internalization takes place at 50% epiboly. 
In age-matched hurp MO injected embryos, goosecoid (gsc), which labels the earliest cells to 
internalize in the axial hypoblast was detected prior to 50% epiboly (Figure 3.23 C and F).  
Interestingly, I showed that Hurp-GFP was localized to the external yolk syncytial 
layer (YSL) of the zebrafish embryos (Figure 3.23G-I). This belt-like layer contains a number 
of yolk syncytial nuclei and microtubules, which participate in epiboly progression (Solnica-
Krezel & Driever, 1994; Strahle & Jesuthasan, 1993). In some embryos, Hurp-GFP 
localization was spread throughout the entire external YSL to the yolk cell layer (YCL) 
(Figure 3.23I).  
  

























Figure 3.23 Hurp is required for zebrafish epiboly.   
(A-C) Wild type embryos at the indicated stages and (D-F) age-matched hurp MO injected 
embryos. (A and B, D and E) Lateral view, animal pole up. (C and F) Dorsal view, animal 
pole up. Arrows mark blastoderm margin.  (G-I) Hurp-GFP localization at the yolk cell of 
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3.2.2 Hurp regulates yolk cell microtubule organization during epiboly 
 
 Epiboly progression is regulated in part by microtubule arrays present at the YSL and 
YCL (Solnica-Krezel & Driever, 1994; Strahle & Jesuthasan, 1993). At the onset of epiboly, 
in wild type embryos, the external YSL narrowed, the syncytial nuclei became tightly packed 
and the networks of intercrossing microtubules became compacted. The YCL microtubules 
were bundled and aligned in the direction of epiboly progression animal-vegetally. In age-
matched hurp MO injected embryos, the external YSL failed to compact and YCL 
microtubules appeared to be loosely organized (Figure 3.24A and D). When the blastoderm 
covered 50% of the yolk cell in wild type embryos, the YSL was almost completely covered 
beneath the blastoderm and dense networks of bundled microtubules aligned in the animal-
vegetal direction of the YCL. In the age-matched hurp MO injected embryos, the YSL 
appeared wider and the anuclear YCL microtubule arrays appeared sparse and disorganized 
compared to uninjected wild type embryos (Figure 3.24B and E).  In 80% epiboly embryos, 
the YSL and YCL microtubules were diminished, while in hurp MO injected embryos, the 























Figure 3.24 Microtubule arrays in wild type and hurp MO injected embryos. 
Embryos were fixed when wild type embryos reached 30% epiboly (A and D), 50% epiboly 
(B and E) and 80% epiboly (C and F). YSL and YCL α-tubulin are visualized by 
immunostaining with α-tubulin antibody. Lateral view, animal pole up for wild type (A-C) 
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3.2.3 Hurp regulates F-actin organization during epiboly 
 
Next, I asked if Hurp contributes to the regulation of epiboly via additional 
mechanisms such as yolk cell actin structures (Cheng et al, 2004). To assess the actin 
cytoskeleton organization in zebrafish embryos during epiboly, whole-mount 
immunostaining using phalloidin was carried out. For all the stages examined, the confocal 
images revealed the periphery of the superficial EVL cells and the deep cells beneath (Figure 
3.25).   
At 30% epiboly, the EVL and the underlying deep cells (yellow arrows mark deep 
cells margin) advanced towards the vegetal pole to the same extent. The marginal EVL cells 
were rounded and the leading edge appeared uneven. No significant difference was observed 
between wild type and hurp MO injected embryos at this stage (Figure 3.25A and D). After 
50% epiboly, an actin ring around the EVL margin was formed and was closely associated 
with the punctate actin band (white arrows). This punctate actin band persisted until the end 
of epiboly (Figure 3.25B, C, E and F). The leading edge of EVL cells began to align along 
the equator and became uniformly continuous (Figure 3.25B). In hurp MO embryos, the 
marginal EVL cells remained loosely aligned and uneven (Figure 3.25E). At 80% epiboly, a 
dense ring of punctate actin band formed within the YSL along the EVL margin. The 
majority of EVL cells were elongated in the epiboly movement direction (Figure 3.25C). The 
punctate actin band at the margin of EVL that formed in the external YSL after 50% epiboly 



















Figure 3.25 F-actin staining in wild type and hurp MO injected embryos.  
Embryos were fixed when wild type embryos reached 30% epiboly (A and D), 50% epiboly 
(B and E) and 80% epiboly (C and F). F-actin is visualised by immunostaining with 
phalloidin. Lateral view, animal pole up for wild type (A-C) and hurp MO injected embryos 
(D-F). Yellow arrows mark deep cells margin. White arrows mark punctate actin band at 
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During epiboly, the punctate actin band at the EVL margin leads to changes in the cell 
shape and orientation of the marginal EVL cells along the AV axis. Failure of such cell shape 
and orientation changes is implicated in epiboly defects (Koppen et al, 2006). In 80% epiboly 
embryos, the marginal EVL cells of hurp MO injected embryos appeared less elongated and 
less aligned perpendicular to the margin of EVL (Figure 3.25F). 
To further evaluate the morphology of the EVL cells in embryos injected with hurp 
MO, we analysed phalloidin-stained embryos of wild type, age-matched and stage-matched 
hurp MO injected embryos and determined the cell shape (LWR) and orientation (the angle 
of the long axis of the EVL cells relative to a line parallel to the EVL margin) of the marginal 
EVL cells (Figure 3.26D).  
From the higher magnification images (Figure 3.26A-C), it can be observed that cells 
near the EVL margin in Hurp morphants showed defects in cell shape and exhibited random 
orientation. In wild type embryos, cells were generally more elongated (LWR, 1.74 ± 0.09) 
(Figure 3.26E). In contrast, cells near the EVL margin of age-matched and stage-matched 
Hurp morphants were significantly rounder with LWR = 1.46 ± 0.04 and 1.51 ± 0.06 
respectively (Figure 3.26E). The marginal EVL cells of wild type embryos were oriented 
perpendicularly to the EVL margin. In wild type embryos, 77% of the marginal EVL cells 
were aligned at an angle within the range of 60-120 with respect to the EVL margin in line 
with the AV direction of epiboly movements (Figure 3.26F). In comparison, only 26% and 43% 
of the marginal EVL cells from age-matched and stage-matched Hurp morphant embryos 
exhibited an angle within the range of 60-120 (Figure 3.26G and H), indicating randomised 
orientation of EVL cells in these embryos. In stage-matched Hurp knockdown embryos, cell 
orientation appeared to recover slightly but cell elongation remained defective compared to 
wild type embryos.   





Figure 3.26 Marginal EVL cell shape and cell orientation in 80% epiboly embryos.  
(A-C) Embryos were fixed at the stages indicated. F-actin is visualized by immunostaining 
with phalloidin. Lateral view, animal pole up for wild type (A), hurp MO injected embryos 
(B) and stage-matched hurp MO injected embryos (C).  (D) A schematic representation of the 
method used to measure cell shape and cell orientation. (E) LWR of EVL cells in WT and 
age-matched and stage-matched hurp MO injected embryos at 80% epiboly. Data are shown 
in mean ± SEM. *, P < 0.0001, vs. WT.  (F-H) Rose diagrams depict cell orientation in WT 
(F), hurp MO (G), hurp MO (stage-matched) (H) embryos.  (WT, 180 cells, 9 embryos; hurp 
MO, 180 cells, 9 embryos; hurp MO (stage-matched), 180 cells, 9 embryos). Scale bar, 20 
µm




Chapter 4 Discussion 
4.1 Characterization of Hurp in zebrafish embryogenesis 
 
To understand the role of a novel MAP, Hurp during early development using 
zebrafish as a model organism, I isolated and cloned zebrafish hurp. Amino acid sequence 
analysis showed that zebrafish Hurp contains several putative functional motifs that are 
conserved between human HURP, mouse Hurp and Drosophila Mars (Bennett & Alphey, 
2004; Tsai et al, 2008; Tsou et al, 2003). Importantly, zebrafish Hurp exhibits high similarity 
with human HURP at the importin β (Impβ) binding domain (Song & Rape, 2010) and 
microtubule binding domain (MT) (Wong et al, 2008). These findings suggest that zebrafish 
Hurp may possess functions that are closely related or associated with human, mouse and 
Drosophila homologs.  
Whole-mount in situ hybridization analysis showed that hurp is expressed 
ubiquitously throughout cleavage, blastula and gastrula stages, and restricted to the anterior 
head region and the proliferative region at pharyngula stage. Hence, hurp is maternally 
contributed and may play important roles during early embryonic development. In addition, 
RT-PCR analysis showed that hurp transcript levels are elevated in the intestine tissues and 
adult germ lines, closely resembling the tissue distribution of hurp mRNA in human, mouse 
and Drosophila (Bennett & Alphey, 2004; Tsai et al, 2008; Tsou et al, 2003).  
 In agreement with the spatial hurp mRNA expression analysis, Hurp protein is 
expressed throughout early embryogenesis, during cleavage, blastula and gastrula stages as 
shown by Western blot analysis. Zebrafish Hurp exhibits a diverse cellular localization 
pattern as compared to human HURP and Drosophila Mars in interphase and mitotic cells.  
Hurp-GFP localizes to the nucleus and is present at low levels in the cytoplasm of the deep 
cells of early gastrulae and the mesoderm of late gastrulae, similar to Drosophila Mars where 




cytoplasmic protein shows punctate staining in interphase nuclei (Zhang et al, 2009) and 
human HURP which localizes to the cytosol in interphase HeLa cells (Sillje et al, 2006).  
In cells undergoing mitosis, Hurp-GFP is shown to be localized to the entire mitotic 
spindle and chromosomes at the metaphase stage. This localization slightly differs from 
human HURP which is restricted to the plus end of kinetochore microtubules in metaphase 
cells (Sillje et al, 2006; Wu et al, 2013), and Mars which localization shows a slight bias 
towards the spindle poles (Zhang et al, 2009). A recent finding showed that human HURP 
exhibits dynamic equilibrium in its phosphorylated and unphosphorylated forms and localizes 
to both microtubules emanating from the kinetochores and centrosomes, respectively (Wu et 
al, 2013). As zebrafish Hurp localizes to the entire mitotic spindle in vivo throughout mitosis, 
phosphorylation regulation of Hurp may play a differential role in regulating the localization 
of Hurp on spindle microtubules in zebrafish embryos.  
Interestingly, in the EVL cells of zebrafish embryos, Hurp-GFP is observed to 
associate with the cytoskeletal microtubules in interphase cells. Zebrafish Hurp is also shown 
to localize to the cytoskeletal microtubules in interphase HeLa cells, suggesting possible roles 
of zebrafish Hurp in regulating cytoskeletal microtubules. Importantly, similar to human 
HURP, the first 278 amino acids of zebrafish Hurp is sufficient to associate with 
microtubules. Human HURP shuttles between mitotic spindle and cytoplasm via the RanGTP 
and importin β regulated pathway (Koffa et al, 2006; Sillje et al, 2006). However, in 
zebrafish and Drosophila, the regulatory pathways that mediate nucleus and cytoplasmic 
translocation of Hurp remain unknown. Taken together, our observations show that zebrafish 
Hurp associates with both cytoplasmic and spindle microtubules in zebrafish gastrulae, 
suggesting that Hurp may play a role in regulating cytoskeletal microtubules and spindle 
microtubules functions during zebrafish embryogenesis.   




4.2 The role of Hurp in morphogenetic C&E movements in zebrafish gastrulae  
 
 When Hurp is down regulated in zebrafish embryos by MO mediated knockdown, 
Hurp morphants display embryonic defects in C&E movements. Hurp knockdown embryos 
show shortened anteroposterior axis and wider dorsal structures. The prechordal plate, 
marked by hgg1 is slightly posterior with respect to the anterior edge of the neural plate, 
while the neural plate, marked by dlx3, axial mesoderm, marked by ntl and paraxial 
mesoderm marked by myoD and papc are shortened and laterally expanded, indicating that 
the C&E defects are associated with defective mesodermal and ectodermal morphogenetic 
cell behaviours. Notably, Hurp knockdown embryos display C&E defects without altering 
cell fate specification during gastrulation as shown by the similar expression patterns of a 
dorsal mesoderm marker, chd in wild type and Hurp morphants at 50% epiboly.  
Importantly, I showed that the C&E defects that arise due to reduced Hurp activity are 
specific via several appropriate controls. Firstly, the application of a MO that differs in 5 
nucleotides from the experimental hurp MO does not affect Hurp protein levels and the 
percentage of embryos with C&E defects. Secondly, an attempt to rescue the C&E phenotype 
by introducing a synthetically synthesized hurp RNA that is immune to hurp MO reduces the 
C&E phenotype to a statistically significant level. These observations demonstrate for the 
first time the role of a MAP in regulating C&E during embryogenesis.  
Shortened anteroposterior axis and broadened mediolateral axis in Hurp morphants 
suggest defective C&E movements during gastrulation. In the course of gastrulation, the 
lateral ectodermal and mesodermal cells in zebrafish embryos converge dorsally by migrating 
at an increasing speed from mid- to late gastrulation stages. Cells that engage in fast dorsal 
directed movements are elongated, move dorsally at an increased velocity, narrowing the 
embryonic tissue (Jessen et al, 2002). In addition, ectodermal and mesodermal cells at the 




dorsolateral domain participate in mediolateral intercalation movements in conjunction with 
cell migration. These cells exhibit mediolaterally elongated morphology and are 
mediolaterally oriented to intercalate between one another to lengthen the embryonic axis 
anteroposteriorly and narrow the embryonic axis mediolaterally.  
From my observations, in vivo time-lapse imaging analysis showed that Hurp is 
required for a subset of cell morphology regulation at the lateral and dorsolateral region of 
zebrafish gastrulae thus affecting the respective cell behaviours during gastrulation. Both 
ectodermal and mesodermal cells are rounded during mid-gastrulation and become 
mediolaterally elongated by the end of gastrulation in wild type gastrulae. In Hurp morphants, 
the transition from round cell morphology to polarized, mediolaterally elongated cell 
morphology is impaired. This in turn compromises the fast dorsal directed cell movements 
along straight trajectories at the lateral region of zebrafish gastrulae during late gastrulation. 
Importantly, cell transplantation analysis revealed that Hurp possesses cell-autonomous 
activity in regulating mediolateral elongation of lateral ectodermal and mesodermal cells in 
zebrafish gastrulae.  
In the dorsolateral mesodermal region, polarized cells participate in mediolateral 
intercalation movements in addition to cell migration. Down regulation of Hurp affects 
polarized mediolateral elongation and orientation of paraxial mesodermal cells. This in turn 
may affect mediolateral intercalation process of the dorsolateral mesodermal cells. In the 
paraxial ectodermal cells, Hurp affects polarized mediolateral cell elongation but not 
polarized mediolateral cell orientation. The mediolateral intercalation process of the 
dorsolateral ectodermal cells may not be affected. Thus, the underlying molecular 
mechanisms controlling polarized cell elongation and orientation behaviours of the 
dorsolateral mesodermal and ectodermal cells may be distinct and regulated by parallel 
pathways.  




The coordination of cell movements during gastrulation is cooperatively regulated by 
several signalling pathways. The noncanonical Wnt/PCP, Gα12/13, RhoGTPase and Stat3 
pathways are some of the well-studied signalling pathways that function in the regulation of 
C&E during gastrulation (Heisenberg et al, 2000; Jessen et al, 2002; Kilian et al, 2003; Lin et 
al, 2005; Marlow et al, 2002; Miyagi et al, 2004; Topczewski et al, 2001; Yamashita et al, 
2002; Zhu et al, 2006). The disruption of a single component of the pathways involved in 
C&E is sufficient to inhibit normal C&E progression. Notably, the C&E defects exhibited are 
variable depending on the types of morphogenetic behaviours affected.  
Hurp morphants display C&E defects resembling phenotypes exhibited by mutants or 
gastrulae in which the components of the above signalling pathways are perturbed. C&E 
defects in Hurp morphants arise due to impaired fast dorsal directed migration of mesodermal 
and ectodermal cells and mediolateral intercalation of mesodermal cells. Hurp is required for 
polarized cell morphology regulation at the lateral and dorsolateral region of zebrafish 
gastrulae thus affecting the respective cell behaviours during gastrulation.  
Similar to embryos where noncanonical Wnt/PCP signalling components are 
perturbed, Hurp morphants exhibit defects in polarized cell migration and rearrangement 
which entail dorsal directed migration and mediolateral intercalation. In trilobite/strabismus 
mutant embryos, dorsal migration of cells along straight paths is compromised due to 
impaired mediolateral cell polarization of lateral mesodermal cells (Jessen et al, 2002; Sepich 
et al, 2000). Noncanonical Wnt/PCP signalling mediated by knypek/glypican4 and 
pipetail/wnt5 affect mediolateral cell polarization required for mediolateral cell intercalation 
of dorsolateral cells in zebrafish gastrulae (Kilian et al, 2003; Topczewski et al, 2001). 
However, unlike silberblick/wnt11 mutants, Hurp morphants do not exhibit cyclopia 
phenotype (Heisenberg et al, 2000), indicating that the anterior directed movements of the 
anterior axial tissues are not affected. 




Zebrafish Hurp associates with cytoskeletal microtubules in zebrafish embryos and in 
HeLa cells, suggesting that Hurp can modulate the stability and organization of cytoskeletal 
microtubules in zebrafish gastrulae. Studies have shown that C&E movements require intact 
microtubules for planar cell polarization regulation (Kwan & Kirschner, 2005; Lane & Keller, 
1997; Sepich et al, 2011; Solnica-Krezel & Driever, 1994; Strahle & Jesuthasan, 1993). Intact 
microtubules are required for the accumulation of Prickle, a regulator of the noncanonical 
Wnt/PCP  signalling at the anterior cell edge during C&E in zebrafish gastrulae, suggesting 
that microtubules are needed to maintain cell contacts to establish anterior identity or for the 
direct transport of Prickle to the anterior membrane for planar cell polarity regulation (Sepich 
et al, 2011; Shimada et al, 2006).  
In addition, depolymerisation of microtubules leads to the activation of RhoGTPases, 
which in turn induces cell retraction and formation of stress fibres and affects cell 
morphology changes as shown in cell culture studies (Etienne-Manneville & Hall, 2002; 
Krendel et al, 2002). In Xenopus, microtubules regulate small GTPases by limiting the 
activity of a microtubule bound guanine-nucleotide exchange factor, XLfc (GEF-H1 in 
human). Microtubule depolymerisation releases microtubule bound XLfc and activates its 
guanine-nucleotide exchange activity and leads to RhoGTPases activation (Kwan & 
Kirschner, 2005). Therefore, the distribution and turnover of microtubules that reflects the 
overall polarity of cells allows XLfc to induce local activation of Rho. As zebrafish Hurp 
associates with the cytoskeletal microtubules, zebrafish Hurp may regulate the polarized state 
of lateral cells microtubules to promote cell shape changes during C&E.  
Intriguingly, Hurp morpants display cell polarization defects reminiscence of 
dominant negative Rho Kinase 2 (dnRok2) expressing embryos. Rho kinase functions 
downstream of noncanonical Wnt/PCP signalling pathway to regulate planar cell polarity 
during C&E (Marlow et al, 2002). Rho kinase binds to activated RhoGTPases and associates 




with the cell membrane to phosphorylate target proteins such as myosin-2 for actin bundle 
formation (Leung et al, 1996; Winter et al, 2001). In zebrafish gastrulae expressing dnRok2, 
defective cell polarization impedes dorsal directed movements along straight paths and 
results in impaired C&E. Similar to Hurp, Rok2 functions cell-autonomously for cell 
elongation regulation. The implication of Rok2, a downstream effector of small GTPase 
RhoA in C&E suggests that Hurp may have a function in RhoGTPase pathway during C&E. 
The similarities of the C&E phenotypes of Hurp morphants with noncanonical 
Wnt/PCP mutants such as trilobite/strabismus, knypek/glypican4 and pipetail/wnt5 suggest 
the involvement of Hurp with non-canonical Wnt/PCP pathway. To elucidate the functional 
relationship between Hurp and non-canonical Wnt/PCP signalling pathway during 
gastrulation, the effect of the modulation of Hurp activity on noncanonical Wnt/PCP mutant 
phenotypes can be analysed. The activity of Hurp can be up-regulated or reduced by 
introducing RNAs encoding hurp or hurp MO (injection at a dose in which such treatments 
alone have no effects on wild type embryos) in non-canonical Wnt/PCP mutant embryos to 
test whether the modulation of Hurp levels can enhance or suppress the C&E phenotypes in 
noncanonical Wnt/PCP mutant gastrulae. The suppression of C&E phenotypes of 
noncanonical Wnt/PCP mutants implicates that Hurp acts within the non-canonical Wnt/PCP 
pathway while the exacerbation of C&E phenotypes of non-canonical Wnt/PCP mutants 
suggests that Hurp acts in parallel with the noncanonical Wnt/PCP pathway. Similar 
experiments can be performed by investigating if modulation of Hurp activity affects C&E 
phenotypes of zebrafish embryos where the RhoGTPase pathway is perturbed to examine the 
interaction of Hurp with RhoGTPase pathway.  
 




4.3 The role of Hurp in polarized cell division orientation in zebrafish gastrulae 
 
  HURP plays important roles in the organization of spindle microtubules in human 
cell lines and Drosophila embryos. Inactivation of HURP in HeLa cells causes chromosome 
congression defects and mitotic delay (Sillje et al, 2006; Wong & Fang, 2006) while 
Drosophila embryos derived from mars mutant females exhibit severe mitotic defects (Tan et 
al, 2008; Zhang et al, 2009). In mice, Hurp is dispensable in normal cell cycle progression as 
shown by normal development of Hurp
-/-
 mice into adulthood (Tsai et al, 2008). Interestingly, 
the interfering of Hurp function in zebrafish embryos does not affect cell cycle progression 
during embryogenesis. My results showed that neither down regulation nor overexpression of 
Hurp affects the cell division duration and cell proliferation in zebrafish embryos during early 
embryogenesis. Notably, the duration of cell division examined closely resembles published 
studies in zebrafish gastrulae (Concha & Adams, 1998).  
From my data, down regulation of Hurp results in randomized cell division 
orientation of the dorsolateral epiblast cells in zebrafish gastrulae. The mitotic spindle is the 
core component for cell division. In addition to regulating precise cell division duration and 
faithful chromosome segregation, the mitotic spindle also controls the orientation of cell 
division which is crucial in specifying daughter cells position and hence the final structure 
and shape of tissues and organs. Dividing cells at the dorsolateral epiblast region of zebrafish 
gastrulae preferentially divide along the AV axis of the embryos towards the end of 
gastrulation (Concha & Adams, 1998). The cells divide nearly orthogonal to their 
mediolaterally elongated axis, suggesting that the mitotic spindle is actively oriented in the 
dorsolateral epiblast. This polarized division orientation is controlled by the components of 
the noncanonical Wnt/PCP pathway including Wnt11, Dishevelled and Strabismus (Gong et 
al, 2004). Therefore, in addition to polarized cell elongation control, the noncanonical 




Wnt/PCP signalling is required to drive axis extension in zebrafish gastrulae by polarizing the 
orientation of division axis.  
 Current understanding of HURP function in mitotic spindle organization revolves 
around its function in kinetochore microtubule assembly from cell culture studies (Koffa et al, 
2006; Sillje et al, 2006; Wong & Fang, 2006; Ye et al, 2011). Nevertheless, several studies 
suggest that HURP may play additional roles in mitotic spindle assembly. Unphosphorylated 
and phosphorylated forms of HURP coexist in dynamic equilibrium and cycle between 
microtubules emanating from the centrosomes and kinetochores, respectively. Interestingly, 
HURP displays a biased preference for microtubules emanating from the mother centrosome 
to the daughter centrosome (Wu et al, 2013).  
In Xenopus egg extracts, HURP is involved in the formation of chromosome- and 
centrosome-induced spindle formation. Down regulation of HURP results in smaller astral 
microtubules formation from the centrosome (Koffa et al, 2006). In addition, mars mutant 
embryos lose synchronous nuclei division during syncytial blastoderm stage and fail to attach 
mitotic spindles to the spindle poles from the first mitotic division onwards (Bennett & 
Alphey, 2004; Wong & Fang, 2006; Zhang et al, 2009). Taken together, these observations 
suggest that HURP may play additional roles in regulating centrosomal microtubule assembly 
and the generation of asymmetrical mitotic spindle in addition to kinetochore microtubules 
regulation.  
Radial centrosome-derived microtubules grow with a directional bias with increased 
density of microtubules between the centrosomes and chromosomes than the centrosomes 
and cell cortex. Moreover, bipolar mitotic spindle possesses intrinsic spindle polarity which 
arises from microtubule asters differentially emanating from the mother and daughter 
centrosomes and functions in cell fate specification and mitotic spindle orientation (Gillies & 




Cabernard, 2011; Morin & Bellaiche, 2011; Rebollo et al, 2007). Based on our current 
understanding of the behaviour of human and Xenopus HURP at the centrosomes and 
zebrafish Hurp in regulating AV oriented cell divisions at the dorsolateral epiblast in 
zebrafish gastrulae, Hurp may regulate spindle orientation through its association with 
microtubules that grow towards the chromosomes rather than the cortex and its biased 
localization to the mother centrosome (Sillje et al, 2006; Wu et al, 2013).   
The role of AV oriented cell division at the dorsolateral epiblast and hypoblast in 
promoting dorsal axis elongation remains controversial. Planar cell polarity signalling is 
important in regulating AV oriented cell divisions both for the angle within the epiblast plane 
and the angle perpendicular to the epiblast plane in zebrafish gastrulae which in turn drive 
axis elongation (Gong et al, 2004). Other studies demonstrated that the embryonic axis 
elongation is normal when AV oriented divisions of the angle within the epiblast plane alone 
is randomized, suggesting that randomized mitotic spindle orientation within the epiblast 
plane alone is insufficient to induce axis elongation failure (Quesada-Hernandez et al, 2010; 
Segalen et al, 2010). Therefore, as down regulation of Hurp randomizes the division 
orientation of the planar epiblast plane, but not the plane perpendicular to it, this defect alone 










4.4 The role of Hurp in epiboly progression  
 
In addition to C&E phenotypes, my observations showed that Hurp is part of the 
machinery in driving epiboly as embryos injected with hurp MO progressed through epiboly 
slower than uninjected controls. The blastoderm of Hurp morphants eventually enclose the 
yolk cell, suggesting that epiboly progression is not completely blocked. When the 
blastoderm of wild type embryos covers 50% of the yolk cell, marginal cells internalization 
take place to form the hypoblast. In hurp MO injected embryos, the internalization process is 
initiated prior to 50% epiboly, at the same time as uninjected embryos, suggesting that 
epiboly delay observed in hurp MO injected embryos does not affect internalization 
movements.   
Epiboly is driven in part by the extensive microtubule networks in the YSL and YCL 
of the yolk cell. The disruption of these microtubule structures inhibits the movement of 
syncytial nuclei and impairs deep cells and YSL epiboly movements (Solnica-Krezel & 
Driever, 1994; Strahle & Jesuthasan, 1993). In addition, a decrease in the amount of 
polymerized microtubules in the yolk cell is sufficient to lead to epiboly delay (Hsu et al, 
2006).  
Hurp morphants showed disorganized YSL and YCL microtubule networks 
throughout epiboly progression and a decrease in the abundance of polymerized microtubules, 
suggesting that Hurp is a regulator of extracellular yolk cell microtubules. Zebrafish Hurp 
interacts with cytoskeletal microtubules in zebrafish embryos and in HeLa cells. In addition, 
Hurp is present in the zebrafish YSL and YCL, where the YSL and YCL microtubules are 
abundant. In vitro studies showed that HURP possesses microtubule bundling and stabilizing 
activity (Koffa et al, 2006; Sillje et al, 2006; Wong et al, 2008). Taken together, these 
observations suggest that the direct microtubule binding activity of Hurp with YSL and YCL 




microtubules may regulate the organization and dynamics of these microtubule populations to 
drive epiboly progression. Alternatively, human HURP, which was shown to interact with a 
plus end directed microtubule motor protein and regulates plus end kinetochore microtubule 
dynamics (Ye et al, 2011) suggests that zebrafish Hurp may also drive epiboly progression by 
regulating the motor proteins of microtubules radiating from YSL into YCL in the direction 
of epiboly progression (Solnica-Krezel & Driever, 1994).  
 In addition to microtubule arrays, extraembryonic actin microfilaments contribute to 
epiboly as well. These F-actin structures appear after 50% epiboly and are composed of two 
F-actin rings at the margin of the deep cells and the EVL, and a punctate band of F-actin 
accumulation in the external YSL, closely associated with the EVL margin. The disruption of 
these actin structures result in epiboly delay or arrest (Cheng et al, 2004).  
During the later stages of epiboly, marginal EVL cells undergo rapid cell shape and 
orientation changes. The marginal EVL cells are elongated animal-vegetally, driven by local 
accumulation of F-actin and myosin-2 at the external YSL which drive EVL constriction for 
vegetal yolk blastopore closure (Koppen et al, 2006). My data showed that Hurp modulates 
EVL cell shape and orientation changes by regulating F-actin organization at the external 
YSL. In uninjected wild type embryos, marginal EVL cells elongate and orientate animal-
vegetally, consistent with the direction of epiboly movements. In hurp MO injected embryos, 
the marginal EVL cells are rounder and exhibit random orientation, which may be a 
consequence of reduced F-actin accumulation at the external YSL adjacent to the EVL 
margin. This in turn can prevent the EVL from undergoing active cell rearrangement and cell 
shape changes, affecting normal EVL epiboly.  
In zebrafish embryos, the actin cytoskeleton is regulated in part by heterotrimeric G-
proteins, Gα12/13 to drive epiboly movements of the EVL via the RhoGTPase pathway. The 




zebrafish RhoGEF, Arhgef11 acts downstream of Gα12/13 to modulate F-actin organization 
and EVL epiboly (Lin et al, 2009). In addition, both F-actin and myosin-2 are recruited 
within the external YSL at the EVL margin after 50% epiboly to modulate EVL cell 
elongation. The process is regulated by the Ste20-like kinase Msn1 which probably functions 
through activators of the myosin light chain 2 such as Rho kinase (Koppen et al, 2006). These 
findings suggest that proper accumulation of actin and myosin-2 at the external YSL of the 
EVL margin may converge via RhoGTPase pathway.  
The polymerization state of microtubules controls the activity of RhoGTPase 
(Etienne-Manneville & Hall, 2002; Krendel et al, 2002). Therefore, it is tempting to speculate 
that zebrafish Hurp controls YSL and YCL microtubule dynamics and polymerization state 
which in turn affect the activity of the components of the RhoGTPase signaling pathway to 
influence F-actin organization. In particular, the polymerization state of the YSL and YCL 
microtubules may affect the activity of microtubule bound RhoGEFs in which depolymerized 
microtubules release microtubule bound RhoGEFs to activate RhoGTPases.   
Taken together, my study showed that Hurp is a regulator of yolk cell microtubules as 
it maintains the abundance of polymerized yolk cell microtubules and promotes epiboly 
movements. In addition, Hurp regulates yolk cell actin structure which is important for 
marginal EVL cell shape maintenance. Importantly, I have shown that through cell 
transplantation analysis, Hurp mediated polarized lateral cell shape elongation during C&E is 
independent from the epiboly defects. Transplanted lateral cells in which Hurp is down 
regulated remain rounded in wild type host embryos while transplanted wild type lateral cells 
remain mediolaterally elongated in Hurp morphant host embryos. Thus, Hurp regulates 
epiboly and C&E movements in zebrafish gastrulae via two independent mechanisms.  




4.5 Zebrafish Hurp as a MAP  
 
In this study, I have shown that zebrafish Hurp is required for epiboly and C&E 
movements during zebrafish gastrulation. Hurp modulates the polarized cell elongation 
behaviour preceding fast dorsal directed cell migration at late gastrulation, mitotic spindle 
orientation at the dorsolateral epiblast during late gastrulation and yolk cell microtubules 
organization during epiboly. Together with previous reports that showed the role of HURP as 
a MAP (Koffa et al, 2006; Sillje et al, 2006; Wong & Fang, 2006), my data provide evidences 
to show that zebrafish Hurp regulates different microtubule populations during gastrulation. 
In particular, zebrafish Hurp may regulate the cytoskeletal microtubules to control polarised 
cell morphology changes. The association of Hurp with spindle microtubules may control 
spindle orientation and the association of Hurp with yolk cell microtubules may affect 
epiboly progression.  
The regulatory mechanisms which control zebrafish Hurp association with 
microtubules in zebrafish embryos are still unknown. In cell culture studies, the localization 
of HURP to microtubules is regulated by the RanGTP pathway and Aurora A 
phosphorylation (Koffa et al, 2006; Sillje et al, 2006; Wu et al, 2013). Amino acid sequence 
analysis of zebrafish Hurp showed that the importin  binding domain and microtubule 
binding domain of zebrafish Hurp shares approximately 61% and 64% similarity with that of 
human HURP. Similar to human HURP, I showed that the first 278 amino acids of zebrafish 
Hurp is sufficient to interact with cytoskeletal and spindle microtubules in HeLa cells.  
The RanGTP activity mediated release of microtubule binding factors from importin 
 could play a role in controlling zebrafish Hurp localization at the mitotic spindle at the 
vicinity of chromosomes during mitosis. As zebrafish Hurp is localized to the entire mitotic 
spindle, additional factors such as phosphorylation regulation could play a part. Western blot 




analysis detected zebrafish Hurp as a 150 kDa protein compared to its predicted mass of 99 
kDa. The difference in protein size may be due to post-translational modification such as 
phosphorylation in vivo. Notably, a balance of phosphorylated and unphosphorylated forms 
of HURP is required for HURP localization to the microtubules at the vicinity of 
chromosomes and centrosomes respectively (Wu et al, 2013).  
In addition, phosphorylation regulation by Aurora A is required to protect HURP from 
protein degradation and activates its microtubule binding and stabilizing activity in cell 
culture (Wong et al, 2008; Yu et al, 2005). Nevertheless, the analysis of the ability of 
zebrafish Hurp to associate with microtubules using in vitro microtubule binding experiment 
is crucial to provide direct evidence for the role of Hurp as a MAP.  
4.6 Studies of Hurp in vertebrates 
 
My analysis of the loss-of-function phenotype of Hurp in zebrafish embryos implies 
that zebrafish Hurp have different functions compared to Hurp of mouse origin under normal 
physiological conditions. My data suggest that Hurp may underlie interaction with signals at 
different regions of zebrafish gastrulae to generate distinct gastrulation cell behaviours, 
namely the fast dorsal directed migration of lateral mesodermal and ectodermal cells, 
mediolateral cell intercalation of paraxial mesodermal cells, AV oriented cell division and 
yolk cell microtubules organization. This is in agreement with the notion that during 
vertebrate gastrulation, cells are competent to respond to several cues to enable them to 
engage in more than one cell behaviour to contribute to gastrulation movements.  
Conversely, Hurp knockout (Hurp
-/-
) mice do not exhibit any early developmental 
defects and develop normally to adulthood suggesting that Hurp is not required for early cell 
division, proliferation and cell morphology or behaviour changes during mouse 
embryogenesis. Interestingly, female Hurp
-/- 
mice are infertile due to the defect in 






 female uterus during implantation. This defect is associated to cell 
proliferation failure that blocks further differentiation and development of the endometrium 
that supports implantation (Tsai et al, 2008). Therefore, Hurp is required for the control of the 
cell proliferation of a specific tissue, the endometrial stroma in mice.  
The difference in the phenotypic defects observed in Hurp
-/-
 mice and zebrafish Hurp 
morphants may be due to the difference in the function of Hurp in different biological 
systems. In both teleost and mammals, gastrulation movements during embryogenesis 
involve several morphogenetic movements to generate the germ layers and the embryonic 
body axis. In mammals, gastrulation movements are initiated at the stage of a few hundred 
cells. Gastrulation movements begin at the posterior end of the embryo to form the primitive 
streak which is the site for the internalization of mesodermal and endodermal cells. In mouse 
embryos, the primitive streak forms in situ by initiating epithelial-mesenchymal transition 
without any major cell movements. The cells lose E-cadherin and detach from their 
neighbours and migrate through the streak as individual cells via ingression (Solnica-Krezel 
& Sepich, 2012).  
In zebrafish, gastrulation movements are initiated at the sphere stage. At this stage, 
the blastula consists of a mound of more than one thousand blastomeres on top of a yolk cell.  
Unlike mammals, the first morphogenetic movement during zebrafish gastrulation is epiboly. 
Epiboly drives the thinning and spreading of blastoderm cells towards the vegetal pole. This 
is followed by internalization of mesodermal and endodermal cells when the blastomeres 
cover 50% of the yolk cell (Kane & Adams, 2002). My data showed that zebrafish Hurp is 
required for epiboly movements by regulating yolk cell microtubule and F-actin structures. 
The absence of epiboly process in mouse embryo implicates that Hurp is dispensable for 
mouse early development.  




The formation of the embryonic axis during zebrafish embryogenesis is driven by 
C&E movements which engage dynamic cell morphology and movement changes tightly 
controlled in time and space. In particular, the lateral and dorsolateral cells in zebrafish 
embryos change their morphology after 80% epiboly stage from round, non-polarized cell 
shape to mediolaterally elongated cell shape to drive several polarized cell movements such 
as fast dorsal directed migration and mediolateral cell intercalation at the end of gastrulation 
(Roszko et al, 2009). My data showed that zebrafish Hurp is required for these cell 
morphology changes during C&E.  
During mouse embryogenesis, as the primitive streak elongates distally from the 
posterior end of the gastrula towards the distal tip, the nascent internalized mesodermal cells 
spread laterally away from the primitive streak using multipolar biased protrusive activity for 
their movement. These cells later direct their migration trajectories anteriorly, contributing to 
axis elongation (Solnica-Krezel & Sepich, 2012). The formation of multipolar protrusive 
activity of mesodermal cells is absent in zebrafish cells during dorsal directed migration. In 
addition, anterior directed migration in Hurp morphants was only mildly affected as 
suggested by the lack of cyclopia phenotype in Hurp morphants. Therefore, the difference in 
the migratory behaviours in cells undergoing gastrulation in mouse and zebrafish embryos 
implicate that Hurp is dispensable during early developmental process in mouse embryos




Chapter 5 Conclusion 
 
HURP is a MAP that is shown to regulate mitotic spindle organization in cultured cells 
and in Drosophila. In this study, I investigated the role of Hurp during early embryonic 
development in zebrafish. Reduction of the activity of zebrafish Hurp using translational blocking 
MO results in defective C&E movements during gastrulation without affecting cell fate and cell 
proliferation. Time-lapse imaging analysis revealed that Hurp is required for a subset of polarized 
cell behaviour during C&E including fast dorsal directed migration of lateral mesodermal and 
ectodermal cells and mediolateral intercalation of dorsolateral mesodermal cells in late zebrafish 
gastrulae. In addition, Hurp regulates polarized cell division orientation in the paraxial epiblast 
region of zebrafish gastrulae. Besides, Hurp mediates epiboly progression by regulating yolk 
cell microtubules and yolk syncytial layer F-actin organization. Importantly, the C&E defects 
that arise from defective lateral cell polarization during fast dorsal directed migration are 
independent from the epiboly phenotype. This is supported by cell transplantation experiment 
showing that zebrafish Hurp function cell-autonomously in regulating polarized lateral cell 
elongation during C&E.  
My findings provide new insights into the role of a MAP in regulating polarized cell 
morphology, polarized cell division, and extraembryonic cytoskeletal structures organization 
in morphogenetic cell movements during early zebrafish development. My findings suggest 
that zebrafish Hurp is essential in regulating different microtubule populations during 
zebrafish embryogenesis. Zebrafish Hurp may play important roles in regulating lateral cells 
microtubules organization to drive polarized cell elongation for dorsal cell migration. The 
association of zebrafish Hurp to the mitotic spindle may directly affects the intrinsic spindle 
polarity which drives active spindle orientation. Zebrafish Hurp may also regulate the 




stability and polymerization state of extraembryonic yolk cell microtubules to control epiboly 
movements.  
Identification of signalling cues that are integrated by Hurp to mediate individual 
gastrulation cell behaviours is an important future goal for this research. Additionally, the 
underlying molecular mechanisms of how zebrafish Hurp regulates cytoskeletal microtubules, 





Akimenko MA, Ekker M, Wegner J, Lin W, Westerfield M (1994) Combinatorial expression 
of three zebrafish genes related to distal-less: part of a homeobox gene code for the head. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 14: 3475-3486 
 
Babb SG, Marrs JA (2004) E-cadherin regulates cell movements and tissue formation in early 
zebrafish embryos. Development Dynamics 230: 263-277 
 
Barral Y, Liakopoulos D (2009) Role of spindle asymmetry in cellular dynamics. 
International review of cell and molecular biology 278: 149-213 
 
Bassal S, Nomura N, Venter D, Brand K, McKay MJ, van der Spek PJ (2001) 
Characterization of a novel human cell-cycle-regulated homologue of Drosophila dlg1. 
Genomics 77: 5-7 
 
Bennett D, Alphey L (2004) Cloning and expression of mars, a novel member of the 
guanylate kinase associated protein family in Drosophila. Gene expression patterns : GEP 4: 
529-535 
 
Breuer M, Kolano A, Kwon M, Li CC, Tsai TF, Pellman D, Brunet S, Verlhac MH (2010) 
HURP permits MTOC sorting for robust meiotic spindle bipolarity, similar to extra 
centrosome clustering in cancer cells. J Cell Biol 191: 1251-1260 
 
Brittle AL, Ohkura H (2005) Centrosome maturation: Aurora lights the way to the poles. 
Curr Biol 15: R880-882 
 
Carazo-Salas RE, Gruss OJ, Mattaj IW, Karsenti E (2001) Ran-GTP coordinates regulation 
of microtubule nucleation and dynamics during mitotic-spindle assembly. Nature cell biology 
3: 228-234 
 
Carazo-Salas RE, Guarguaglini G, Gruss OJ, Segref A, Karsenti E, Mattaj IW (1999) 
Generation of GTP-bound Ran by RCC1 is required for chromatin-induced mitotic spindle 
formation. Nature 400: 178-181 
 
Carazo-Salas RE, Karsenti E (2003) Long-range communication between chromatin and 
microtubules in Xenopus egg extracts. Current biology : CB 13: 1728-1733 
 
Caudron M, Bunt G, Bastiaens P, Karsenti E (2005) Spatial coordination of spindle assembly 




Chang YC, Nalbant P, Birkenfeld J, Chang ZF, Bokoch GM (2008) GEF-H1 couples 
nocodazole-induced microtubule disassembly to cell contractility via RhoA. Molecular 
biology of the cell 19: 2147-2153 
 
Cheng JC, Miller AL, Webb SE (2004) Organization and function of microfilaments during 
late epiboly in zebrafish embryos. Developmental dynamics : an official publication of the 
American Association of Anatomists 231: 313-323 
 
Chiu AW, Huang YL, Huan SK, Wang YC, Ju JP, Chen MF, Chou CK (2002) Potential 
molecular marker for detecting transitional cell carcinoma. Urology 60: 181-185 
 
Chretien D, Kenney JM, Fuller SD, Wade RH (1996) Determination of microtubule polarity 
by cryo-electron microscopy. Structure 4: 1031-1040 
 
Concha ML, Adams RJ (1998) Oriented cell divisions and cellular morphogenesis in the 
zebrafish gastrula and neurula: a time-lapse analysis. Development 125: 983-994 
 
D'Amico LA, Cooper MS (2001) Morphogenetic domains in the yolk syncytial layer of the 
axiating zebrafish embryos. Development Dynamics 222: 611-624 
 
Dammermann A, Desai A, Oegema K (2003) The minus end in sight. Current biology : CB 
13: R614-624 
 
Draper BW, Morcos PA, Kimmel CB (2001) Inhibition of zebrafish fgf8 pre-mRNA splicing 
with morpholino oligos: a quantifiable method for gene knockdown. Genesis 30: 154-156 
 
Ducat D, Zheng Y (2004) Aurora kinases in spindle assembly and chromosome segregation. 
Exp Cell Res 301: 60-67 
 
Dumont J, Petri S, Pellegrin F, Terret ME, Bohnsack MT, Rassinier P, Georget V, Kalab P, 
Gruss OJ, Verlhac MH (2007) A centriole- and RanGTP-independent spindle assembly 
pathway in meiosis I of vertebrate oocytes. J Cell Biol 176: 295-305 
 
Eisen JS, Smith JC (2008) Controlling morpholino experiments: don't stop making antisense. 
Development 135: 1735-1743 
 
Ekker SC (2000) Morphants: a new systematic vertebrate functional genomics approach. 




Ekker SC, Larson JD (2001) Morphant technology in model developmental systems. Genesis 
30: 89-93 
 
Etienne-Manneville S, Hall A (2002) Rho GTPases in cell biology. Nature 420: 629-635 
 
Gillies TE, Cabernard C (2011) Cell division orientation in animals. Current biology : CB 21: 
R599-609 
 
Gong Y, Mo C, Fraser SE (2004) Planar cell polarity signalling controls cell division 
orientation during zebrafish gastrulation. Nature 430: 689-693 
 
Gong Z, Ju B, Wan H (2001) Green fluorescent protein (GFP) transgenic fish and their 
applications. Genetica 111: 213-225 
 
Heisenberg CP, Tada M, Rauch GJ, Saude L, Concha ML, Geisler R, Stemple DL, Smith JC, 
Wilson SW (2000) Silberblick/Wnt11 mediates convergent extension movements during 
zebrafish gastrulation. Nature 405: 76-81 
 
Hsu HJ, Liang MR, Chen CT, Chung BC (2006) Pregnenolone stabilizes microtubules and 
promotes zebrafish embryonic cell movement. Nature 439: 480-483 
 
Hsu JM, Lee YC, Yu CT, Huang CY (2004) Fbx7 functions in the SCF complex regulating 
Cdk1-cyclin B-phosphorylated hepatoma up-regulated protein (HURP) proteolysis by a 
proline-rich region. J Biol Chem 279: 32592-32602 
 
Huang HD, Lee TY, Tzeng SW, Horng JT (2005) KinasePhos: a web tool for identifying 
protein kinase-specific phosphorylation sites. Nucleic Acids Res 33: W226-229 
 
Huang YL, Chiu, A.W, Huan S.K, Wang, Y.C, Ju, J.P, Lu, C.L (2003) Prognostic 
significance of hepatoma-up-regulated protein expression in patients with urinary bladder 
transitional cell carcinoma. Anticancer Research 23(3B): 2729-2733 
 
Jessen JR, Topczewski J, Bingham S, Sepich DS, Marlow F, Chandrasekhar A, Solnica-
Krezel L (2002) Zebrafish trilobite identifies new roles for Strabismus in gastrulation and 
neuronal movements. Nature cell biology 4: 610-615 
 
Kalab P, Heald R (2008) The RanGTP gradient - a GPS for the mitotic spindle. Journal of 
cell science 121: 1577-1586 
 
Kaltschmidt JA, Brand AH (2002) Asymmetric cell division: microtubule dynamics and 




Kane D, Adams R (2002) Life at the edge: epiboly and involution in the zebrafish. Results 
and problems in cell differentiation 40: 117-135 
 
Kane DA, Hammerschmidt M, Mullins MC, Maischein H-M, Brand M, van Eeden FJM, 
Furutani-Seiki M, Granato M, Haffter P, Heisenberg C-P, Jiang Y-J, Kelsh RN, Odenthal J, 
Warga RM, Nusslein-Vulhard C (1996) The zebrafish epiboly mutants. Development 123: 
47-55 
 
Kane DA, McFarland KN, Warga RM (2004) Mutations in half baked/E-cadherin block cell 
behaviors that are necessary for teleost epiboly. Development 132: 1105-1116 
 
Keating HH, White JG (1998) Centrosome dynamics in early embryos of Caenorhabditis 
elegans. Journal of cell science 111 ( Pt 20): 3027-3033 
 
Keller PJ, Schmidt AD, Wittbrodt J, Stelzer EH (2008) Reconstruction of zebrafish early 
embryonic development by scanned light sheet microscopy. Science 322: 1065-1069 
 
Keller R, Davidson L, Edlund A, Elul T, Ezin M, Shook D, Skoglund P (2000) Mechanisms 
of convergence and extension by cell intercalation. Philosophical transactions of the Royal 
Society of London Series B, Biological sciences 355: 897-922 
 
Kilian B, Mansukoski H, Barbosa FC, Ulrich F, Tada M, Heisenberg CP (2003) The role of 
Ppt/Wnt5 in regulating cell shape and movement during zebrafish gastrulation. Mechanisms 
of development 120: 467-476 
 
Kim E, Naisbitt S, Hsueh YP, Rao A, Rothschild A, Craig AM, Sheng M (1997) GKAP, a 
novel synaptic protein that interacts with the guanylate kinase-like domain of the PSD-
95/SAP90 family of channel clustering molecules. J Cell Biol 136: 669-678 
 
Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF (1995) Stages of embryonic 
development of the zebrafish. Developmental Dynamics 203: 253-310 
 
Kipreos ET, Pagano M (2000) The F-box protein family. Genome Biol 1: REVIEWS3002 
 
Koffa MD, Casanova CM, Santarella R, Kocher T, Wilm M, Mattaj IW (2006) HURP is part 
of a Ran-dependent complex involved in spindle formation. Current biology : CB 16: 743-
754 
 
Koppen M, Fernandez BG, Carvalho L, Jacinto A, Heisenberg CP (2006) Coordinated cell-





Krendel M, Zenke FT, Bokoch GM (2002) Nucleotide exchange factor GEF-H1 mediates 
cross-talk between microtubules and the actin cytoskeleton. Nature cell biology 4: 294-301 
 
Kwan KM, Kirschner MW (2005) A microtubule-binding Rho-GEF controls cell morphology 
during convergent extension of Xenopus laevis. Development 132: 4599-4610 
 
Lane MC, Keller R (1997) Microtubule disruption reveals that Spemann's organizer is 
subdivided into two domains by the vegetal alignment zone. Development 124: 895-906 
 
Le X, Langenau DM, Keefe MD, Kutok JL, Neuberg DS, Zon LI (2007) Heat shock-
inducible Cre/Lox approaches to induce diverse types of tumors and hyperplasia in transgenic 
zebrafish. Proceedings of the National Academy of Sciences of the United States of America 
104: 9410-9415 
 
Leung T, Chen XQ, Manser E, Lim L (1996) The p160 RhoA-binding kinase ROK alpha is a 
member of a kinase family and is involved in the reorganization of the cytoskeleton. 
Molecular and cellular biology 16: 5313-5327 
 
Li H-H, Chiang C-S, Huang H-Y, Liaw G-J (2009) mars and tousled-like kinase act in 
parallel to ensure chromosome fidelity in Drosophila. Journal of Biomedical Science 16 
 
Li Q, Joshi HC (1995) gamma-tubulin is a minus end-specific microtubule binding protein. J 
Cell Biol 131: 207-214 
 
Liao G, Nagasaki T, Gundersen GG (1995) Low concentrations of nocodazole interfere with 
fibroblast locomotion without significantly affecting microtubule level: implications for the 
role of dynamic microtubules in cell locomotion. Journal of cell science 108 ( Pt 11): 3473-
3483 
 
Lin F, Chen S, Sepich DS, Panizzi JR, Clendenon SG, Marrs JA, Hamm HE, Solnica-Krezel 
L (2009) Galpha12/13 regulate epiboly by inhibiting E-cadherin activity and modulating the 
actin cytoskeleton. J Cell Biol 184: 909-921 
 
Lin F, Sepich DS, Chen S, Topczewski J, Yin C, Solnica-Krezel L, Hamm H (2005) Essential 
roles of G{alpha}12/13 signaling in distinct cell behaviors driving zebrafish convergence and 
extension gastrulation movements. J Cell Biol 169: 777-787 
 
Marlow F, Topczewski J, Sepich D, Solnica-Krezel L (2002) Zebrafish Rho Kinase 2 Acts 
Downstream of Wnt11 to Mediate Cell Polarity and Effective Convergence and Extension 




Mayr MI, Hummer S, Bormann J, Gruner T, Adio S, Woehlke G, Mayer TU (2007) The 
human kinesin Kif18A is a motile microtubule depolymerase essential for chromosome 
congression. Current biology : CB 17: 488-498 
 
Mitchison TJ (1993) Localization of an exchangeable GTP binding site at the plus end of 
microtubules. Science 261: 1044-1047 
 
Miyagi C, Yamashita S, Ohba Y, Yoshizaki H, Matsuda M, Hirano T (2004) STAT3 noncell-
autonomously controls planar cell polarity during zebrafish convergence and extension. J 
Cell Biol 166: 975-981 
 
Montero JA, Carvalho L, Wilsch-Brauninger M, Kilian B, Mustafa C, Heisenberg CP (2005) 
Shield formation at the onset of zebrafish gastrulation. Development 132: 1187-1198 
 
Montero JA, Heisenberg CP (2004) Gastrulation dynamics: cells move into focus. Trends in 
cell biology 14: 620-627 
 
Morcos PA (2007) Achieving targeted and quantifiable alteration of mRNA splicing with 
Morpholino oligos. Biochemical and biophysical research communications 358: 521-527 
 
Morin X, Bellaiche Y (2011) Mitotic spindle orientation in asymmetric and symmetric cell 
divisions during animal development. Dev Cell 21: 102-119 
 
Myers DC, Sepich DS, Solnica-Krezel L (2002) Convergence and extension in vertebrate 
gastrulae: cell movements according to or in search of identity? Trends in genetics : TIG 18: 
447-455 
 
Nachury MV, Maresca TJ, Salmon WC, Waterman-Storer CM, Heald R, Weis K (2001) 
Importin beta is a mitotic target of the small GTPase Ran in spindle assembly. Cell 104: 95-
106 
 
Naisbitt S, Kim E, Weinberg RJ, Rao A, Yang FC, Craig AM, Sheng M (1997) 
Characterization of guanylate kinase-associated protein, a postsynaptic density protein at 
excitatory synapses that interacts directly with postsynaptic density-95/synapse-associated 
protein 90. The Journal of neuroscience : the official journal of the Society for Neuroscience 
17: 5687-5696 
 
Nalbant P, Chang YC, Birkenfeld J, Chang ZF, Bokoch GM (2009) Guanine nucleotide 
exchange factor-H1 regulates cell migration via localized activation of RhoA at the leading 




Nasevicius A, Ekker SC (2000) Effective targeted gene 'knockdown' in zebrafish. Nature 
genetics 26: 216-220 
 
Nogales E, Whittaker M, Milligan RA, Downing KH (1999) High-resolution model of the 
microtubule. Cell 96: 79-88 
 
O'Connell CB, Khodjakov AL (2007) Cooperative mechanisms of mitotic spindle formation. 
Journal of cell science 120: 1717-1722 
 
Pan X, Wan H, Chia W, Tong Y, Gong Z (2005) Demonstration of site-directed 
recombination in transgenic zebrafish using the Cre/loxP system. Transgenic research 14: 
217-223 
 
Pyati UJ, Look AT, Hammerschmidt M (2007) Zebrafish as a powerful vertebrate model 
system for in vivo studies of cell death. Seminars in cancer biology 17: 154-165 
 
Quesada-Hernandez E, Caneparo L, Schneider S, Winkler S, Liebling M, Fraser SE, 
Heisenberg CP (2010) Stereotypical cell division orientation controls neural rod midline 
formation in zebrafish. Current biology : CB 20: 1966-1972 
 
Rauch GJ, Hammerschmidt M, Blader P, Schauerte HE, Strahle U, Ingham PW, McMahon 
AP, Haffter P (1997) Wnt5 is required for tail formation in the zebrafish embryo 
Cold Spring Harbor Symposia on Quantitative Biology 62: 227-234 
 
Rebollo E, Roldan M, Gonzalez C (2009) Spindle alignment is achieved without rotation 
after the first cell cycle in Drosophila embryonic neuroblasts. Development 136: 3393-3397 
 
Rebollo E, Sampaio P, Januschke J, Llamazares S, Varmark H, Gonzalez C (2007) 
Functionally unequal centrosomes drive spindle orientation in asymmetrically dividing 
Drosophila neural stem cells. Dev Cell 12: 467-474 
 
Rieder CL (2005) Kinetochore fiber formation in animal somatic cells: dueling mechanisms 
come to a draw. Chromosoma 114: 310-318 
 
Roszko I, Sawada A, Solnica-Krezel L (2009) Regulation of convergence and extension 
movements during vertebrate gastrulation by Wnt/PCP pathway. Seminars in cell and 
developmental biology 20: 986-997 
 
Santarella RA, Koffa MD, Tittmann P, Gross H, Hoenger A (2007) HURP wraps microtubule 
ends with an additional tubulin sheet that has a novel conformation of tubulin. Journal of 




Sardon T, Peset I, Petrova B, Vernos I (2008) Dissecting the role of Aurora A during spindle 
assembly. EMBO J 27: 2567-2579 
 
Sasai Y, Lu B, Steinbeisser H, Geissert D, Gont LK, De Robertis EM (1994) Xenopus 
chordin: a novel dorsalizing factor activated by organizer-specific homeobox genes. Cell 79: 
779-790 
 
Satoh K, Yanai H, Senda T, Kohu K, Nakamura T, Okumura N, Matsumine A, Kobayashi S, 
Toyoshima K, Akiyama T (1997) DAP-1, a novel protein that interacts with the guanylate 
kinase-like domains of hDLG and PSD-95. Genes to cells : devoted to molecular & cellular 
mechanisms 2: 415-424 
 
Scheer N, Campos-Ortega JA (1999) Use of the Gal4-UAS technique for targeted gene 
expression in the zebrafish. Mechanisms of development 80: 153-158 
 
Schuh M, Ellenberg J (2007) Self-organization of MTOCs replaces centrosome function 
during acentrosomal spindle assembly in live mouse oocytes. Cell 130: 484-498 
 
Schulte-Merker S, Hammerschmidt M, Beuchle D, Cho KW, De Robertis EM, Nusslein-
Volhard C (1994) Expression of zebrafish goosecoid and no tail gene products in wild-type 
and mutant no tail embryos. Development 120: 843-852 
 
Segalen M, Johnston CA, Martin CA, Dumortier JG, Prehoda KE, David NB, Doe CQ, 
Bellaiche Y (2010) The Fz-Dsh planar cell polarity pathway induces oriented cell division via 
Mud/NuMA in Drosophila and zebrafish. Dev Cell 19: 740-752 
 
Sepich DS, Calmelet C, Kiskowski M, Solnica-Krezel L (2005) Initiation of convergence and 
extension movements of lateral mesoderm during zebrafish gastrulation. Developmental 
dynamics : an official publication of the American Association of Anatomists 234: 279-292 
 
Sepich DS, Myers DC, Short R, Topczewski J, Marlow F, Solnica-Krezel L (2000) Role of 
the zebrafish trilobite locus in gastrulation movements of convergence and extension. genesis 
27: 159-173 
 
Sepich DS, Usmani M, Pawlicki S, Solnica-Krezel L (2011) Wnt/PCP signaling controls 
intracellular position of MTOCs during gastrulation convergence and extension movements. 
Development 138: 543-552 
 
Shih J, Fraser SE (1995) Distribution of tissue progenitors within the shield region of the 




Shimada Y, Yonemura S, Ohkura H, Strutt D, Uemura T (2006) Polarized transport of 
Frizzled along the planar microtubule arrays in Drosophila wing epithelium. Dev Cell 10: 
209-222 
 
Shimizu T, Yabe T, Muraoka O, Yonemura S, Aramaki S, Hatta K, Bae Y-K, Nojima H, Hibi 
M (2005) E-cadherin is required for gastrulation cell movements in zebrafish. Mechanisms of 
Development 122: 747-763 
 
Sillje HH, Nagel S, Korner R, Nigg EA (2006) HURP is a Ran-importin beta-regulated 
protein that stabilizes kinetochore microtubules in the vicinity of chromosomes. Current 
biology : CB 16: 731-742 
 
Solnica-Krezel L (2006) Gastrulation in zebrafish -- all just about adhesion? Current opinion 
in genetics & development 16: 433-441 
 
Solnica-Krezel L, Driever W (1994) Microtubule arrays of the zebrafish yolk cell: 
organization and function during epiboly. Development 120: 2443-2455 
 
Solnica-Krezel L, Sepich DS (2012) Gastrulation: making and shaping germ layers. Annual 
review of cell and developmental biology 28: 687-717 
 
Solnica-Krezel L, Stemple DL, Mountcastle-Shah E, Rangini Z, Neuhauss SCF, Malicki J, 
Shier AF, Stainier DYR, Zwartkruis F, Abdelilah S, Driever W (1996) Mutations affecting 
cell fates and cellular rearrangements during gastrulation in zebrafish. Development 123: 67-
80 
 
Song L, Rape M (2010) Regulated degradation of spindle assembly factors by the anaphase-
promoting complex. Molecular cell 38: 369-382 
 
Strahle U, Jesuthasan S (1993) Ultraviolet irradiation impairs epiboly in zebrafish embryos: 
evidence for a microtubule-dependent mechanism of epiboly. Development 119: 909-919 
 
Summerton J (1999) Morpholino antisense oligomers: the case for an RNase H-independent 
structural type. Biochimica et biophysica acta 1489: 141-158 
 
Summerton J, Weller D (1997) Morpholino antisense oligomers: design, preparation, and 
properties. Antisense & nucleic acid drug development 7: 187-195 
 
Summerton JE (2007) Morpholino, siRNA, and S-DNA compared: impact of structure and 
mechanism of action on off-target effects and sequence specificity. Current topics in 




Tan S, Lyulcheva E, Dean J, Bennett D (2008) Mars promotes dTACC dephosphorylation on 
mitotic spindles to ensure spindle stability. J Cell Biol 182: 27-33 
 
Tanaka TU (2010) Kinetochore-microtubule interactions: steps towards bi-orientation. The 
EMBO journal 29: 4070-4082 
 
Topczewski J, Sepich DS, Myers DC, Walker C, Amores A, Lele Z, Hammerschmidt M, 
Postlethwait J, Solnica-Krezel L (2001) The Zebrafish Glypican Knypek Controls Cell 
Polarity during Gastrulation Movements of Convergent Extension. Developmental Cell 1: 
251-264 
 
Tran LD, Hino H, Quach H, Lim S, Shindo A, Mimori-Kiyosue Y, Mione M, Ueno N, 
Winkler C, Hibi M, Sampath K (2012) Dynamic microtubules at the vegetal cortex predict 
the embryonic axis in zebrafish. Development 139: 3644-3652 
 
Trinkaus JP (1984) Mechanism of Fundulus epiboly- A current view. American Zoologist 24: 
673-688 
 
Trinkaus JP (1992) The midblastula transition, the YSL transition and the onset of 
gastrulation in Fundulus. Development 1992 Supplement: 75-80 
 
Tsai CY, Chou CK, Yang CW, Lai YC, Liang CC, Chen CM, Tsai TF (2008) Hurp 
deficiency in mice leads to female infertility caused by an implantation defect. J Biol Chem 
283: 26302-26306 
 
Tsou AP, Yang CW, Huang CY, Yu RC, Lee YC, Chang CW, Chen BR, Chung YF, Fann 
MJ, Chi CW, Chiu JH, Chou CK (2003) Identification of a novel cell cycle regulated gene, 
HURP, overexpressed in human hepatocellular carcinoma. Oncogene 22: 298-307 
 
Vasiliev JM, Gelfand IM, Domnina LV, Ivanova OY, Komm SG, Olshevskaja LV (1970) 
Effect of colcemid on the locomotory behaviour of fibroblasts. Journal of embryology and 
experimental morphology 24: 625-640 
 
Vodermaier HC (2004) APC/C and SCF: controlling each other and the cell cycle. Curr Biol 
14: R787-796 
 
Walczak CE, Heald R (2008) Mechanisms of mitotic spindle assembly and function. Int Rev 
Cytol 265: 111-158 
 
Wallingford JB, Rowning BA, Vogeli KM, Rothbacher U, Fraser SE, Harland RM (2000) 




Warga RM, Kimmel CB (1990) Cell movements during epiboly and gastrulation in zebrafish. 
Development 108: 569-580 
 
Warga RM, Nusslein-Volhard C (1999) Origin and development of the zebrafish endoderm. 
Development 126: 827-838 
 
Watanabe T, Noritake J, Kaibuchi K (2005) Regulation of microtubules in cell migration. 
Trends in cell biology 15: 76-83 
 
Weinberg ES, Allende ML, Kelly CS, Abdelhamid A, Murakami T, Andermann P, Doerre 
OG, Grunwald DJ, Riggleman B (1996) Developmental regulation of zebrafish MyoD in 
wild-type, no tail and spadetail embryos. Development 122: 271-280 
 
Westerfield M (2000) The zebrafish book. A guide for the laboratory use of zebrafish (Danio 
rerio). Eugene: University of Oregon Press 
 
Wiese C, Zheng Y (2006) Microtubule nucleation: gamma-tubulin and beyond. Journal of 
cell science 119: 4143-4153 
 
Winter CG, Wang B, Ballew A, Royou A, Karess R, Axelrod JD, Luo L (2001) Drosophila 
Rho-associated kinase (Drok) links Frizzled-mediated planar cell polarity signaling to the 
actin cytoskeleton. Cell 105: 81-91 
 
Wollman R, Cytrynbaum EN, Jones JT, Meyer T, Scholey JM, Mogilner A (2005) Efficient 
chromosome capture requires a bias in the 'search-and-capture' process during mitotic-spindle 
assembly. Current biology : CB 15: 828-832 
 
Wong J, Fang G (2006) HURP controls spindle dynamics to promote proper interkinetochore 
tension and efficient kinetochore capture. J Cell Biol 173: 879-891 
 
Wong J, Lerrigo R, Jang CY, Fang G (2008) Aurora A regulates the activity of HURP by 
controlling the accessibility of its microtubule-binding domain. Molecular biology of the cell 
19: 2083-2091 
 
Wu JM, Chen CT, Coumar MS, Lin WH, Chen ZJ, Hsu JT, Peng YH, Shiao HY, Lin WH, 
Chu CY, Wu JS, Lin CT, Chen CP, Hsueh CC, Chang KY, Kao LP, Huang CY, Chao YS, 
Wu SY, Hsieh HP, Chi YH (2013) Aurora kinase inhibitors reveal mechanisms of HURP in 
nucleation of centrosomal and kinetochore microtubules. Proceedings of the National 




Yamamoto A, Amacher SL, Kim SH, Geissert D, Kimmel CB, De Robertis EM (1998) 
Zebrafish paraxial protocadherin is a downstream target of spadetail involved in 
morphogenesis of gastrula mesoderm. Development 125: 3389-3397 
 
Yamashita S, Miyagi C, Carmany-Rampey A, Shimizu T, Fujii R, Schier AF, Hirano T (2002) 
Stat3 Controls Cell Movements during Zebrafish Gastrulation. Dev Cell 2: 363-375 
 
Yang CP, Chen MS, Liaw GJ, Chen SF, Chou G, Fan SS (2005) Using Drosophila eye as a 
model system to characterize the function of mars gene in cell-cycle regulation. Experimental 
cell research 307: 183-193 
 
Yang CP, Fan SS (2008) Drosophila mars is required for organizing kinetochore 
microtubules during mitosis. Exp Cell Res 314: 3209-3220 
 
Ye F, Tan L, Yang Q, Xia Y, Deng L-W, Murata-Hori M, Liou Y-C (2011) HURP Regulates 
Chromosome Congression by Modulating Kinesin Kif18A Function. Current Biology 21: 
1584-1591 
 
Yin C, Ciruna B, Solnica-Krezel L (2009) Convergence and extension movements during 
vertebrate gastrulation. Current topics in developmental biology 89: 163-192 
 
Yu CT, Hsu JM, Lee YC, Tsou AP, Chou CK, Huang CY (2005) Phosphorylation and 
stabilization of HURP by Aurora-A: implication of HURP as a transforming target of Aurora-
A. Molecular and cellular biology 25: 5789-5800 
 
Zhang G, Breuer M, Forster A, Egger-Adam D, Wodarz A (2008) Mars. a Drosophila protein 
related to verterbrate HURP, is required for the attachment of centrosomes to the mitotic 
spindle during syncytial nuclear divisions. Journal of Cell Science 122: 535-545 
 
Zhang G, Breuer M, Forster A, Egger-Adam D, Wodarz A (2009) Mars, a Drosophila protein 
related to vertebrate HURP, is required for the attachment of centrosomes to the mitotic 
spindle during syncytial nuclear divisions. Journal of cell science 122: 535-545 
 
Zhu H, Zon LI (2004) Use of the DsRed fluorescent reporter in zebrafish. Methods in cell 
biology 76: 3-12 
 
Zhu S, Liu L, Korzh V, Gong Z, Low BC (2006) RhoA acts downstream of Wnt5 and Wnt11 
to regulate convergence and extension movements by involving effectors Rho kinase and 
Diaphanous: use of zebrafish as an in vivo model for GTPase signaling. Cellular signalling 
18: 359-372 
 
 147 
 
 
